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ABSTRACT  
   
Due to the lack of understanding of soil thermal behavior, rules-of-thumb and generalized 
procedures are typically used to guide building professionals in the design of ground coupled heat 
pump systems. This is especially true when sizing the ground heat exchanger (GHE) loop. 
Unfortunately, these generalized procedures often encourage building engineers to adopt a 
conservative design approach resulting in the gross over-sizing of the GHE, thus drastically 
increasing their installation cost. This conservative design approach is particularly prevalent for 
buildings located in hot and arid climates, where the soils are often granular and where the water 
table tends to exist deep below the soil surface. These adverse soil conditions reduce the heat 
dissipation efficiency of the GHE and have hindered the adoption of ground coupled heat pump 
systems in such climates.  
During cooling mode operation, heat is extracted from the building and rejected into the 
ground via the GHE. Prolonged heat dissipation into the ground can result in a coupled flow of 
both heat and moisture, causing the moisture to migrate away from the GHE piping. This coupled 
flow phenomenon causes the soil near the GHE to dry out and results in the degradation of the 
GHE heat dissipation capacity. Although relatively simple techniques of backfilling the GHE have 
been used in practice to mitigate such coupled effects, methods of improving the thermal behavior 
of the backfill region around the GHE, especially in horizontal systems, have not been extensively 
studied.  
This thesis presents an experimental study of heat dissipation from a horizontal GHE, 
buried in two backfill materials: (1) dry sand, and (2) wax-sand composite mixture. The HYDRUS 
software was then used to numerically model the temperature profiles associated with the 
aforementioned backfill conditions, and the influence of the contact resistance at the GHE-backfill 
interface was studied. The modeling strategy developed in HYDRUS was proven to be adequate in 
predicting the thermal performance of GHE buried in dry sand. However, when predicting the 
GHE heat dissipation in the wax-sand backfill, significant discrepancies between model prediction 
and experimental results still exist even after calibrating the model by including a term for the 
contact resistance. Overall, the thermal properties of the backfill were determined to be a key 
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determinant of the GHE heat dissipation capacity. In particular, the wax-sand backfill was 
estimated to dissipate 50-60% more heat than dry sand backfill. 
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Chapter 1 
INTRODUCTION 
 
1.1 Energy Consumption Trends in Buildings 
 
According to the U.S. Energy Information Administration (EIA), the building sector 
consumes nearly half (49%) of all energy produced in the United States, and approximately 76% 
of the U.S. building sector’s energy consumption is accommodated by electricity, which is 
typically generated from the combustion of fossil fuels (Architecture 2030, 2011). Furthermore, 
fossil fuel energy consumption is expected to grow by 12% between 2010 and 2030, with 55% of 
this growth being attributed to the construction and operation of buildings (Architecture 2030, 
2011). However, the global fossil fuel supply is ultimately finite and the demand for energy is 
increasing rapidly. More specifically, as proposed by M. King Hubbert in the 1950’s and as 
predicted by many logistic models (Hutter, 2012), global peak oil production has climaxed or will 
peak in the next decade or so. In addition, the International Energy Agency predicts that the global 
demand for energy (primarily from fossil fuel sources) will increase by a factor of one-third from 
2010 to 2035 (World Energy Outlook, 2011). This gross imbalance of supply versus demand has 
resulted in energy market volatility and, as expected, the prices of conventional fossil fuels have 
steadily risen over the past decade (International Energy Outlook, 2011). Consequently, the cost of 
energy required to operate buildings has and will continue to increase in the future. 
In addition to the shrinking fossil fuel supply and the escalation of  building operation 
costs, there exists a significant amount of evidence which indicates that the combustion of fossil 
fuels to power buildings exacerbates the greenhouse phenomenon, otherwise known as “global 
warming”. This greenhouse effect results from the accumulation of gas and particulates, primarily 
CO2, in the atmosphere. Presently, the atmosphere contains approximately 389 parts per million 
(ppm) of CO2 and concentrations are increasing by approximately 2 ppm annually. Climatologists 
and atmospheric scientists have established 350 ppm as the “safe” long-term level of atmospheric 
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greenhouse gases and warn that irreversible climate change will occur if 450 ppm (or any level 
much above 350 ppm) is sustained for an extended period of time (Architecture 2030, 2011). 
 
The rapid exploitation of finite fossil fuel resources and the increasing emissions of CO2 
into the atmosphere both emphasize the need to construct and operate buildings more efficiently. 
A significant fraction of building operation energy consumption can be attributed to the heating 
and cooling of the occupied spaces. According to the U.S. Department of Energy, in buildings 
which feature conventional HVAC technologies, space heating and cooling account for 
approximately 54% of the site energy consumption in the residential building sector; whereas, 
space heating and cooling combined account for approximately 33% of the site energy 
consumption in the commercial sector (Building Energy Databook, 2012). Thus, there is 
considerable incentive to improve the energy efficiency of the heating and cooling processes in 
buildings. 
Ground source heat pumps (GSHP) are an established technology and, relative to 
conventional HVAC systems, offer great promise in reducing the energy consumption associated 
with the heating and cooling of buildings (Clean Energy Decision Support Centre, 2005). GSHPs 
take advantage of the stable annual temperatures of the soil and groundwater below the Earth’s 
surface to either reject heat to (ground acts as a heat sink) or extract heat from (ground acts as a 
heat source), depending upon mode of operation. Since a GSHP system takes advantage of the 
“free”, renewable energy in the ground, it can achieve coefficient of performances (COP) which 
range from 2 to 5 (Clean Energy Decision Support Centre, 2005). According to the Environmental 
Protection Agency (EPA), GSHPs can reduce energy consumption—and corresponding 
emissions—up to 44% compared to air-source heat pumps (Energy Efficiency & Renewable 
Energy, 2012). The GSHP is one of the most efficient residential heating and cooling systems 
available today, with heating efficiencies 50 to 70% higher than other conventional heating 
systems and cooling efficiencies 20 to 40% higher than typical vapor compression air conditioners 
(The Board of Regents for Oklahoma State University, 2012). 
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In addition to their energy efficiency, GSHP systems allow for design flexibility and can 
be installed in both new and retrofit situations (Energy Efficiency & Renewable Energy, 2012). 
Furthermore, since GSHP systems consist of relatively few moving parts and lack any outdoor 
components, they are durable and highly reliable. The underground piping often carries warranties 
of 25–50 years, and the heat pumps often last 20 years or more (Energy Efficiency & Renewable 
Energy, 2012). From an operational perspective, GSHP systems also provide excellent "zone" 
space conditioning and internal load balancing, allowing for different sections of buildings to be 
simultaneously heated or cooled to different temperatures (Energy Efficiency & Renewable 
Energy, 2012).  
Today, GSHP systems are one of the fastest growing applications of active renewable 
technology in the world. By the end of 2004, the worldwide installed capacity was estimated at 
almost 12 GWth (Gigawatt thermal energy equivalent) with an annual energy use of 20 TWh 
(Clean Energy Decision Support Centre, 2005). Presently, around one million GSHP system units 
have been installed worldwide, and annual installation increases of 10% have occurred in about 30 
countries over the past 10 years (Lund, Sanner, Rybach, Curtis and Hellström, 2004). As its 
popularity continues to grow, GSHP technology is proving to be a reliable, economically viable 
and sustainable alternative to traditional methods of heating and cooling buildings.  
1.2 GSHP Fundamentals 
 
A GSHP is composed of three major components: 
(i) Heat pump unit: contains the refrigerant loop (compressor, condenser and evaporator),     
which heats or cools the supply air to be delivered to the occupied space 
(ii) Earth connection: typically comprised of a series of buried plastic pipes, which circulate 
fluid (water or antifreeze) and exchange heat with the ground 
(iii) Interior cooling or heating distribution system: consists of the ducting which transports 
the conditioned air from the heat pump unit to the occupied spaces 
In most cases, GSHP systems include an extended-range, water-to-air heat pump unit. 
These heat pump units contain an earth connection-to-refrigerant heat exchanger, which enables 
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the ground to act as either a heat source or heat sink. GSHP systems are typically distinguished, or 
categorized, by the type of ground loop that is coupled to the heat pump unit. Currently, there are 
three major types of commercially available GSHP systems, each type defined by unique ground 
loop configurations. 
 
(i) Closed Loop Ground Coupled Heat Pumps (GCHP) 
 
GCHPs, whether they are shallow horizontally oriented or deep vertically oriented 
systems, include a series of buried pipes within which a heat transfer fluid is circulated in a closed 
loop. The heat transfer fluid, which is typically a water-antifreeze mixture, is continuously 
pumped back and forth between the ground loop and the heat exchanger within the heat pump 
unit. Relative to the groundwater or surface water systems, these systems tend to be more 
expensive to install. In addition, the performance of these systems depends on the ground 
temperatures and soil thermal properties, which vary with season, rainfall and burial depth (Clean 
Energy Decision Support Centre, 2005).  
  In general, GCHPs have gained traction in northern regions of the United States, where 
buildings are heating dominated, and in some areas of the southeastern United States, where the 
shallow groundwater table enhances the cooling mode operation.  However, GCHPs are not 
widely used in the arid southwest, where the dry soil conditions reduce the heat dissipation 
capability of the GHE during prolonged cooling mode operation. 
 
(ii) Groundwater Heat Pumps (GWHP) 
 
Groundwater systems, in contrast with GCHPs, are characteristically open loop systems. 
In these systems, groundwater is pumped directly from the ground and passed through the heat 
exchanger in the heat pump unit. Groundwater heat pump systems were the first type of GSHP to 
appear on the market and are the simplest systems to install. However, environmental regulations 
and insufficient aquifer availability, especially in hot and arid climates, prevent the widespread 
installation of these systems (Clean Energy Decision Support Centre, 2005).  
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(iii) Surface Water Heat Pumps (SWHP) 
 
Surface water heat pump systems can either be closed or open loop systems. In closed 
loop surface water systems, a series of coiled pipes is submerged in a lake, river or other open 
body of water. A pump circulates heat transfer fluid through the submerged pipe loop and into the 
heat exchanger. In the open loop surface water system, water is pumped directly from the body of 
water into the heat exchanger. Although these systems are relatively cheap to install, many 
buildings are not located adjacent to sizeable bodies of water and, even if location is ideal, there 
can be efficiency issues with the fluctuating water temperatures throughout the seasons. 
Furthermore, such bodies of water are subjected to numerous environmental regulations and these 
systems can cause adverse impacts on the aquatic ecosystems (Clean Energy Decision Support 
Centre, 2005). 
Based upon the prevalent need to reduce the energy consumption associated with cooling 
buildings located in hot and arid climates, which typically lack access to surface water and often 
exhibit deep water table elevations, this study will focus on the implementation of closed loop 
GCHP systems to improve the cooling efficiency of buildings.  
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Chapter 2 
BACKGROUND AND LITERATURE REVIEW 
 
The earth connection loop, commonly known as the ground heat exchanger (GHE), is a 
major component of closed loop GCHPs and is a key determinant of the system’s heating or 
cooling efficiency. Specifically, the performance of the GHEs is governed by the rate at which 
heat can be dissipated to or extracted from the ground, depending upon the mode of operation. 
However, if the site geologic conditions are not adequately investigated prior to installation and if 
the soil heat transfer process is not accurately estimated, then the GHE can be grossly oversized. 
In order for GCHPs to be economically competitive with conventional heating and cooling 
systems, it is imperative that GHE overdesign be kept to a minimum as to reduce the often 
prohibitive cost associated with excavation/installation of the ground loop (Mei, 1991). 
Before the development of computing technology, the design and performance prediction 
of GHEs relied upon simplified, generalized theoretical procedures. These preliminary design 
approaches, such as the line source and cylindrical source theories, suffer from many limiting 
assumptions which inherently result in a loss of accuracy when predicting GHE behavior. 
However, with the development of computing technology, the GHE heat transfer models have 
become more complex and comprehensive. Specifically, these newer models incorporate finite 
element calculation schemes which account for both heat and moisture movement around the 
GHE. Further refinements to the models have been made to account for unique boundary 
conditions, including weather effects at the soil surface as well as ground modification around the 
GHEs. The accumulated research and development of GHE design methods and performance 
predictive models is described in the subsequent sections. 
2.1 Initial Analytical, Closed-Form Heat Transfer Models  
A considerable amount of research has been devoted to understanding the heat transfer 
characteristics of soils and much work has focused on accurately predicting the thermal behavior 
  7 
of both vertical and horizontal GHEs. Initially, the design and analysis of GHEs was based upon 
simplified analytical heat transfer models; the most common being:  
a) Kelvin line source theory (Ingersoll and Plass, 1948). 
b) Cylindrical source solution (Carslaw and Jaeger, 1947). 
2.1.1 Line Source Theory 
Ingersoll and Plass (1948) applied the Kelvin line source theory to model the temperature 
distribution around GHEs. This model assumes that the GHE is an infinite linear heat source and 
the soil is assumed to be an infinite medium of fixed thermal properties (i.e. thermal conductivity) 
with a uniform and constant initial temperature. Furthermore, this model assumes no heat flux 
between the ground surface and the bottom of the borehole, thus simplifying the heat conduction 
to a one-dimensional process. A number of improvements have been made to this approach to 
enhance its accuracy. Namely, Hart and Couvillion (1986) introduced the concept of the far-field 
radius, which formulated a control volume and essentially bounded the amount of heat which 
could be transferred from the line source to the ground. The problems involved in this approach 
are that (1) the strength of the line source has to be estimated, which makes line source theory 
application more or less empirically dependent; (2) the line-source strength is assumed to be 
constant, even though the actual fluid temperature in the ground coil changes continuously; and 
(3) the initial ground temperatures around the ground coil are assumed to be uniform, while in 
reality the soil temperatures typically vary with depth below the soil surface (Mei, 1986). 
2.1.2 Cylindrical Source Theory 
Similar to the line source theory, Carslaw and Jaeger (1947) developed a cylindrical 
source solution for steady-state heat transfer from a buried cylinder. In 1954, Ingersoll, Zobel and 
Ingersoll further refined the solution to model temperature distributions around GHEs. This 
cylindrical approach provides an exact solution for a buried pipe of assumed infinite length, 
constrained by the boundary conditions of either a constant pipe surface temperature or a constant 
heat transfer rate between the buried pipe and the soil (Yang, Cui and Fang, 2010). Furthermore, 
the GHE is assumed to be surrounded by a homogenous medium with constant properties and, 
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assuming perfect contact between the GHE and the adjacent soil, pure conduction is the only mode 
of heat transfer (Yang et al., 2010). The cylindrical source solution, as developed by Ingersoll et 
al. (1954), is still widely used by engineers to design and size GHEs in GCHP systems. The 
ASHRAE 2007 HVAC Applications  manual (Chapter 32, Pg. 13-17) presents the relevant steady-
state heat transfer equations, based upon the cylindrical source theory, and outlines the calculation 
method to determine the length of the GHE.  
Jun, Xu, Jun and Jie (2009) compared the adequacies of both the linear and cylindrical 
source theories in calculating the total thermal resistance of the GHE. Experimental data from 
some in-situ thermal response tests in Shanghai were used to validate the theoretical results. The 
relative error for the predicted heat exchange rates between the linear and cylindrical source 
theories was determined to be very small; however, the relative error between the theoretical and 
experimental results ranged from 10% -15% (Jun, Xu, Jun and Jie, 2009). 
2.2 Energy Balance Approach and Numerical Methods 
The aforementioned analytical models failed to incorporate the transient thermodynamic 
behavior and heat storage capacity of the soil. The emergence of computing technology resulted in 
the development of more advanced and accurate GHE design approaches, which are primarily 
based upon two and three dimensional numerical methods. Considering only conductive heat 
transfer, these more advanced numerical methods of describing the thermal behavior of GHEs are 
derived from fundamental energy balance principles. Today, most GHE design procedures and 
modeling software ascribe to an energy balance approach, which primarily involve various finite 
difference techniques (Muraya, 1994 ; Gu, 1995).  
At Oak Ridge National Laboratory (ORNL) in 1986, Mei developed an energy balance 
model to describe horizontal GHE behavior, which was both more theoretically robust and more 
mathematically rigorous than the previous analytical design approaches. Mei’s model enables the 
calculation of the amount of heat exchanged between the GHE and the ground as well as the 
determination of the three-dimensional ground temperature distributions around the GHE. Unlike 
the linear and cylindrical source models which calculate the soil temperature distributions based 
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upon an estimated heat exchange rate between the GHE and the ground, the conventional energy 
balance approach uses the inlet fluid temperature to the ground coil to compute the temperature 
profiles around the GHE. The inlet temperature of the fluid into the GHE, which is the same 
temperature as the fluid exiting the heat pump compressor unit under cooling mode, can easily be 
determined from the building load, heat pump fluid inlet temperature and flow rate. Although it 
still assumes constant soil thermal properties, Mei’s model is more flexible than previous models 
and allows for the specification of many important system characteristics, such as fluid properties, 
flow rates, coil size and length, coil material, burial depth, soil properties, cyclic operation and 
seasonal ground temperature variation.  
In addition to developing the ORNL energy balance model, Mei (1986) evaluated how 
accurately the energy balance model predicted ground temperature distributions around the GHE 
relative to those predicted by the simple and modified line source models. The modified line 
source model, which was developed at Brookhaven National Labs (BNL), is based on Fourier 
conductive heat transfer equation (Metz, 1983). This model divides the ground around the GHE 
into two types of discretized block elements: free and rigid blocks. The rigid blocks describe the 
far field conditions and are governed by seasonal ground temperature variation, whereas the 
ground temperature of the free blocks is governed by heat conduction due to GHE operation (Mei, 
1991). The block configuration can add a significant amount of complexity to the model and, 
because of the limited number of blocks, the temperature profile may not be accurately 
represented (Mei, 1986). As mentioned before, other than the ground and coil properties, the heat 
exchange rate between the GHE and ground is considered as an input in both the simple and 
modified line source models. Although all of the models underpredict the measured soil 
temperatures, the ORNL energy balance model (Mei, 1986) most accurately predicts soil 
temperatures, especially with the inclusion of backfilling effects. The transient performance of 
different models with experiments can be seen in Figure 2.1. 
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Figure 2.1: Comparison of Measured Soil Temperatures to that Predicted by the Line-Source, 
BNL (modified line-source) and ORNL (energy balance) Models, (Mei, 1986). 
 
At Yildiz Technical University Davupasa Campus in Turkey, Demir, Koyun and Temir, 
(2009) conducted full-scale testing of a horizontal GHE and collected ground temperature data 
adjacent to the GHE for both winter and summer operation. A GCHP having 4 kW heating and 2.7 
kW cooling capacity was used for the experimental study.  The GHE consisted of three parallel  
½” diameter pipes, each 40 m long and buried 1.8m below the soil surface. The horizontal 
separation distance between the parallel pipes was 3 m. Ground temperature data was collected 
using T-type thermocouples buried in soil horizontally and vertically at various distances from the 
pipe center, and the fluid temperatures were measured at the inlet and outlet of the GHE. The 
energy balance model, as developed by Mei in 1986, was used to predict the three-dimensional 
temperature distributions at the GHE and further refinements were made to the model in order to 
better capture the weather effects at the ground surface. The model performance is presented in 
Figure 2.2. As indicated in Figure 2.2, the maximum difference between the numerical results 
generated by the “new model” and the experimental data was approximately 10% (Demir et al., 
2008).  
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Figure 2.2: Comparison of Measured GCHP Inlet Temperatures to that Predicted by the Mei 
(ORNL), Modified Line Source (BNL) and New models as proposed by Demir et al. in 2008. 
 
2.3 Incorporating Mass Balance into the Energy Balance Approach 
Although the energy balance (purely conductive heat transfer) approach is adequate in 
describing the thermal behavior of GHEs for many GCHP design applications, soil moisture 
effects must be considered under certain geologic and operational conditions. In particular, 
coupled, or simultaneous, flow of heat and mass (moisture) is directly related to the thermal 
performance of buried GHEs and can adversely affect GCHP efficiency in unsaturated ground 
conditions during extended cooling mode operation (Tarnawski, Leong, Gori, Buchan and 
Sundberg, 2002).  
In general, moisture migrates through the porous soil matrix as a result of molecular 
diffusion, pressure, concentration and thermal gradients (Mulay and Worek, 1990). When heat is 
dissipated from the GHE to the ground, which occurs during cooling mode operation, the thermal 
gradient induces a flow of moisture (existing in the liquid or vapor phase) away from the GHE, 
thus causing the soil around the GHE to dry out. Soil thermal conductivity is highly dependent 
upon soil moisture content and as the soil moisture content decreases around the GHE, the ability 
of the GHE to reject heat to the soil degrades (Puri, 1987). 
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Although various symbolic representations exist and the mathematical formulation of the 
governing equations for simultaneous heat and moisture transport are well known, the parameters 
which define these equations (i.e. thermal conductivity, hydraulic conductivity, thermal 
diffusivity) are not well-known and depend upon moisture content. In particular, both the liquid 
and vapor diffusivities are strong functions of soil moisture content and temperature and, as a 
result, the simultaneous transport of heat and moisture are governed by highly coupled, nonlinear 
equations (Mulay and Worek, 1990). In 1957, Philip and deVries derived the fundamental 
equations to describe the liquid and vapor flux in unsaturated soils (Philip and de Vries, 1957).  
Although Philip and de Vries’s theory is still widely used to describe coupled flow and is 
included in many GHE modeling schemes, the theory is formulated upon several limiting 
assumptions (Tarnawski and Leong, 1993): 
a) The soil is unsaturated, homogeneous, and isotropic in the macroscopic sense 
b) Soil mass transport and thermal characteristics are non-hysteretic 
c) The phenomena of boiling, freezing, and thawing are not included 
d) The model does not apply when the matrix is not rigid 
e) The liquid in soils has the properties of bulk water 
f) Liquid movement is driven by capillary and adsorptive forces 
g) Vapor movement is by diffusion in the gas-filled pores 
h) Free convection in the gas phase is neglected 
i) Heat transfer by radiation is negligible 
j) The temperature dependence of ρl, C, K, and L is neglected 
The soil matrix structure is composed of solid soil particles and spaces between the particles, 
which may be filled with air, water and/or vapor.  Heat transfer in the soil matrix occurs partly by 
conduction through a limited number of discrete contact spots between solid soil particles. In 
reality, the contact area between particles is a small fraction of the theoretically possible perfect 
contact surface, and the small contact area causes a constricted path to heat flow acting as a 
thermal contact resistance (TCR), (Tarnawski et al., 2002). Svec, Goodrich and Palmer (1983) 
carried out laboratory experiments with various plastic pipes embedded in remolded clay and sand, 
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and higher TCR values between a pipe wall and soil particles were observed for clay than for sand. 
The TCR coefficient was dependent mainly on the degree of saturation, soil texture and pipe 
material. On the basis of experimental data, it was concluded that the following factors influence 
the TCR in soils: 
(a) Soil packing geometry and number of discrete contact spots between solid grains. 
(b) Size of the grain contact surface, and its orientation relative to heat flow. 
(c) Soil porosity and degree of compaction. 
(d) Soil texture and mineralogical composition of solid grains. 
(e) Medium surrounding a contact point (air, water, ice, binding material) and degree of         
saturation. 
(f) Temperature and pressure at the soil grain interface. 
Soil moisture in the pore spaces between soil particles effectively decreases the TCR, 
allowing for better heat transfer across the soil matrix. However, if moisture migrates out of the 
pore spaces, the air-filled pores act as thermal insulators and significantly reduce the thermal 
conductivity of the soil. This is particularly a problem in poorly-graded, partially saturated 
granular soils. 
Unfortunately, current soil moisture migration theory lacks formal consideration of soil 
hysteresis, which can be important in describing the thermodynamics of soils in certain cases. 
Hysteresis in the moisture potential relation occurs because of the particular geometry of the pore 
space, consisting of caverns connected by narrow passages or necks. As a consequence of 
hysteresis, moisture potential becomes a multivalued function of volumetric moisture content, its 
actual value depending on the history of changes of moisture content (deVries, 1987). Recall that 
the ability for soil to transfer heat depends highly upon the soil moisture content. Such hysteretic 
effects add a significant degree of uncertainty when predicting the migration of moisture through 
the soil matrix and, as a result, both the rate at which soil thermal properties change as well as 
their magnitudes can be very difficult to calculate accurately. 
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Despite the complexity of the problem, many researchers have attempted to include 
coupled flows into the existing GHE heat transfer models. Based upon the combined heat and 
moisture balance equations, Puri (1987) calculated, via finite difference methods, the simultaneous 
ground temperature and soil moisture distributions around a pipe carrying warm fluid which was 
buried in partially saturated sand. Puri (1987) verified that soils with higher moisture 
concentrations better dissipated heat away from the buried pipe than did soils with lesser moisture 
content. Furthermore, Puri (1987) discovered the presence of a “dry core” formation around the 
GHE after extended operation periods. “Dry core” is assumed to be present when soil moisture 
content in the GHE vicinity drops below 15% (Philip et al., 1957). This migration of moisture 
away from the GHE can cause the soil to shrink and crack, resulting in a loss of contact between 
the GHE pipe and the adjacent soil. This dry core situation can likely occur in GCHP systems 
installed in hot and arid climates, where the soil is typically unsaturated granular material and the 
buildings primarily operate in the cooling mode (rejecting heat from the building into the ground). 
In 1998, Moya, Prata and Cunha Neto (1998) conducted the experimental analysis of heat 
and moisture transfer around a heated cylinder which was buried in a well-graded soil. The 
experimentation involved the cyclic heating of the cylindrical element, during which both spatial 
and temporal measurements of temperature, heat flux and moisture contents were recorded. Unlike 
most previous research, this analysis provided insight into the transient behavior of unsaturated 
soils which can be extremely useful in the design of GHEs for GCHP systems. More specifically, 
the cyclical or pulse load nature of the cylinder heating better represents the typical diurnal 
operation of a GCHP for building applications. The energy and mass (liquid and water vapor) 
balance equations, as derived by Philip and de Vries (1957), were used to validate the 
experimental data. The time-series temperature and soil moisture content data are illustrated in 
Figure 2.3 and Figure 2.4. 
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Figure 2.3: Measured and Calculated Temperatures at Vertical Locations along the Pipe Cross 
Section for Heat Flux of 42 W/m at 12 hr Periodic Cycles, (Moya et al., 1999). 
 
Figure 2.4: Soil Saturation Degree close to Buried Cylinder Surface for Heat Flux of 42 W/m at 12 
hr Periodic Cycles, (Moya et al., 1999). 
As explained by coupled flow theory, the experimental data indicates that the temperature 
profile and moisture content near the cylinder follows the same periodic pattern as imposed by the 
heat flux. Specifically, the moisture migrates away from the cylinder surface when the heat flux is 
activated and ceases when the heat flux is deactivated. Capillary action then causes the moisture to 
move back toward the cylinder surface. 
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As shown in Figure 2.3, the measured temperature at the heated cylinder surface is higher 
than the predicted temperature, whereas the predicted temperatures at locations further from the 
cylinder surface are higher than the experimental results. Recall that when moisture migrates away 
from the cylinder, due to the activation of the heat flux, the soil thermal conductivity decreases 
and, as a result, the heat dissipation from the cylinder also decreases. Thus, the discrepancy 
between the calculated and measured temperature at the cylinder surface can be attributed to the 
strong dependence of the soil thermal conductivity on the moisture content and the difficulty in 
predicting this dependence (Moya et al., 1999). These findings are in agreement with previous 
works where it was observed that the conduction equation with moisture-dependent thermal 
conductivity is adequate to determine the temperature distribution (Hartley and Black, 1981). As 
discussed previously, soil hysteresis, particularly relating to the moisture potential, could also 
explain the discrepant results. Overall, the study reflects the increased capacity of well-graded 
soils in retaining the moisture, relative to poorly-graded soils, even in presence of a strong 
temperature gradient. Specifically, the observed behavior is completely different from what is 
observed in uniform graded sands, which tend to dry under little thermal stress (Ewen, 1990).  
Consequently, Freitas et. al (1996) concluded that except for situations where a large drying region 
occurs near the heated cylinder, the moisture migration from the heat source can be considered 
negligible and a pure energy balance based approach can be adopted for to predict the thermal 
performance of the GHE. 
To simultaneous address heat and moisture transfer in soils, Tarnawski et al. (1993) 
developed a computerized procedure to design horizontal GHEs. A modified version of the Philip 
and de Vries (1957) theory, based upon the transient model of coupled nonlinear partial 
differential equations governing heat and mass flow in soils, was used to determine the thermal 
performance of the horizontal GHE. The model is highly nonlinear since the soil moisture 
diffusivities are strongly dependent on moisture content, which are both functions of temperature. 
Due to the complexity of the model, it is solved numerically via the finite element method. The 
two-dimensional domain is discretized into triangular elements and each triangle element 
surrounding node “k” is subdivided into three nodal domains. Soil temperature and moisture 
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content of the nodal domains are lumped to the node “k” and remain constant over the control 
volume. The finite element method with lumped capacitance matrix was used to solve the model 
numerically and a three-time-level finite difference approach is applied to obtain an accurate and 
stable time-domain solution. The coupled flow capabilities of the software could prove to be 
essential for the appropriate design of GHEs in hot and arid climates, wherever the GHE is buried 
in unsaturated soils and buildings operate primarily in the cooling mode.  
2.4 Accounting for Weather Effects at the Soil Surface 
Due to the shallow burial depth, the thermal performance of the horizontal GHEs can be 
significantly affected by the weather at the soil surface (Demir et al., 2008). Ambient air 
temperature, wind, precipitation and solar radiation could alter the undisturbed ground temperature 
at the location of the GHE and cause fluctuations in soil moisture content around the GHE. Based 
upon the previous discussion of coupled flows, these climate induced temperature and moisture 
gradients can alter the heat transfer capacity of the horizontal GHE. With the development of 
energy and mass balance theory, scientists and engineers applied these same principles at the 
exposed soil surface in order to better estimate GHE performance. In particular, by including the 
weather effects at the soil surface, the existing models were built upon more realistic boundary 
conditions thus resulting in models which could predict the thermal behavior of the buried 
horizontal GHEs more accurately.  
Initially, the effects of seasonal ambient temperature at depths below the ground surface 
were studied and quantified empirically. In 1986, Mei included this seasonal fluctuation in ground 
temperatures into conventional energy and mass balance models by utilizing Kusuda and 
Achenbach’s correlation. Kusuda and Achenbach (1965) analyzed a total of 63 sets of data of soil 
temperature at various depths for a period of one to several years. By modifying the existing 
theories, they formulated an empirical correlation to predict the undisturbed ground temperatures. 
However, this correlation provides a generalized description of seasonal ground temperature 
variation and does not account for site specific climate characteristics. As a result, this assumption 
can lead to inaccuracies in predicting the thermal performance of the GHE. 
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Rather than relying upon generalized empirical correlations, Demir et al. (2008) 
incorporated an energy balance approach (purely heat conduction) at the soil surface to account for 
any site specific climatic influence on the thermal performance of horizontal GHEs. The initial 
soil temperature was calculated using meteorological soil temperature data from previous years. 
Air temperature and solar radiation are modeled using the mean of the previous year’s 
meteorological data. The effects of solar radiation, long wave radiation, latent and sensible heat 
transfer, convection, surface cover and precipitation are included in the model.  As mentioned 
before, the surface heat flux was computed by means of fundamental energy balance equations. 
The measured soil temperature distributions around the GHE closely agreed with the calculated 
values, especially for shorter simulation times. 
In order to better simulate the boundary conditions at the ground surface, Tarnawski et al. 
(1993) developed a more advanced model which allowed for a more detailed and accurate 
description of the soil surface-atmosphere interface. Unlike most previous models, this model 
accounted for moisture movement to and from the soil surface. The comprehensive model, based 
upon both energy and mass balance, included various climatic and topographic conditions such as 
solar radiation, cloud cover, surface albedo, air temperature, relative humidity, rainfall, snow 
cover, wind speed, evaporation, evapotranspiration, sublimation and condensation. Relative to 
previous modeling approaches, the newly developed computerized scheme allowed for more 
detailed horizontal GHE design and specification, especially in terms of site specific weather 
information. 
2.5 Ground Modification around the GHE 
During cooling mode operation, the GCHP extracts heat from the building and deposits 
the heat into the ground via the GHE. However, due to the coupled flow phenomenon, the soil 
immediately adjacent to the GHE can dry out (Mei, 1987). The loss of moisture from the soil 
adjacent to the GHE results in an increase in thermal resistivity and a subsequent decrease in the 
thermal capacitance of the ground. Coupled flows and corresponding soil property degradation is 
typically a problem for GHEs buried in partially saturated soils or in soils existing above the water 
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table which are saturated by capillary action. In addition to the degradation of the soils’ thermal 
properties, the drying out of the soil, particularly in expansive soils (i.e., silts and clays), can result 
in loss of physical contact between the GHE and the ground. The additional thermal resistamce 
due to a loss of contact between the GHE and the ground can significantly reduce the cooling-
mode performance of GCHP systems.  
Ground modifications around the GHE can greatly improve the efficiency of GCHP 
systems, especially in hot and arid climates where buildings are cooling load dominated. Improved 
backfill material can mitigate any deleterious effects by effectively stabilizing the soil thermal 
properties, thus maintaining high thermal conductivity even under very dry ground conditions, and 
by minimizing the contact resistance between the GHE and the ground (Mei, 1987). A 
considerable amount of work has been done to accurately model the influence of backfill on the 
GHE heat transfer processes. Furthermore, much research has been done to develop high-
performance backfill materials as well as to improve backfill placement techniques especially in 
vertical GHE systems.  
Mei (1986) developed an energy balance model which included the thermal effect of a 
backfilling zone, i.e., a material other than the native soil around the GHE. He used the model to 
conduct a parametric study of three different backfilling materials: clay, sand and a fluidized 
mixture. Mei calculated the daily energy exchange between the GHE and the ground as well as the 
ground temperature distributions around the GHE. The calculated results were validated with the 
field measured data from Johnson, McGraw, Baugh and Griffith, (1985). The summer field 
experimental data from Johnson’s research group indicated lower soil thermal conductivities over 
time for both the clay and sand backfilling at locations closer to the GHE as compared to locations 
further away. This observation indicated increases in contact resistance and/or soil dry out (Mei, 
1987).  A total of 32 days were simulated during the summer months, such that the GHE operated 
primarily in the cooling mode (rejecting heat to the ground). The simulation period was 
constrained to mitigate the impact of thermal conductivity degradation due to soil moisture 
migration away from the GHE. The calculated results indicated that the backfilling material 
significantly affected the GHE performance, (See Figure 2.5). 
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Figure 2.5: Comparison of Measured and Calculated Cumulative Heat Transfer between GHE and 
Soil, (Mei, 1987). 
 
Over a 32-day operation period, the fluidized mixture was found to dissipate 47% more 
heat than the clay and 23% more than the sand. Furthermore, the calculated total heat dissipation 
for the simulation period was only 4.4% less than the measured dissipation (Mei, 1987). Although 
the study neglected the influence of contact resistance between the GHE and the ground, it 
provided some insight into the thermal properties of different backfill materials and how they 
affect the overall GHE heat transfer. Likewise, even though the research did not directly quantify 
coupled flow effects, it emphasized the importance of considering simultaneous heat and moisture 
migration especially in unsaturated soils during extended cooling mode operation. 
Similar to Mei (1987), Svec et al. (1983) investigated the influence of backfilling on the 
heat dissipation capacity of GHEs. In particular, Svec et al. studied the uncertainties regarding the 
heat transfer from GHEs in dry soils, the long-term effects of cyclic thermal loading on backfill 
materials and the increase of contact resistance between the ground and the outer surface of the 
GHE. The research consisted of laboratory scale testing, which included the thermal loading of 
five distinct GHE-backfill configurations:  
(1) PVC pipe buried in saturated clay 
(2) PVC pipe buried in saturated sand 
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(3) Thin-walled PVC liner tube buried in saturated clay 
(4) Single-density polyethylene pipe buried in saturated clay 
(5) Pair of single-density polyethylene pipes buried in saturated clay 
The GHE dissipated a constant heat rate for 10 days until steady state was reached. The 
soil temperature distributions and soil moisture content around the GHE were measured for the 
duration of the experiment. The following steady-state heat conduction equation was used to 
predict the temperature measurements: 
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Where Q = heat flux from buried GHE 
               Tf = temperature of fluid flowing through the GHE 
               Ts (r) = temperature of soil at radial distance 
                hf = convective film resistance between fluid and pipe wall 
                ro = radial distance to interior surface of pipe wall 
                kp = thermal conductivity of pipe material 
                r1 = radial distance to exterior surface of pipe wall 
                ks = thermal conductivity of soil 
                r = radial distance into soil medium 
               R = contact resistance between pipe and soil 
 
The second term in Equation 1 represents the pipe wall resistance, which most published 
models as well as most design schemes assume to be negligible. For metal pipes the assumption of 
negligible temperature drop through the walls is appropriate; however, for plastic tubing, namely 
HDPE pipe which is typical in GCHP applications, the temperature drop is too great to be ignored 
especially under cyclic thermal loading (Svec et al., 1983). 
The last term in Equation 1 represents the thermal contact resistance (R) between soil and 
pipe. Like the thermal conductivity of the pipe material, the contact resistance between the ground 
and the GHE can significantly affect the heat transfer behavior of the GHE during cyclic loading. 
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The expected temperature profile and disaggregated component thermal resistances, as reflected 
by the aforementioned steady-state heat conduction equation, can be seen in Figure 2.6. 
 
 
Figure 2.6: Schematic of Temperature Profile through GHE into Adjacent Soil during Cooling 
Mode Operation, (Svec et al., 1983). 
The heat flux from the GHE was calculated Based upon the soil’s thermal conductivity 
and the measured steady-state temperature distribution. Recall that for steady-state heat transfer, 
the analytical solution is a logarithmic function, and thus the temperature versus logarithm of 
distance is defined by a linear relationship. This line is then projected back to the GHE surface and 
the associated GHE surface temperature is implicitly determined. Under the steady-state 
assumption, the heat flux from the GHE into the soil is equal to the heat flux through the GHE 
wall since the GHE thermal conductivity is known, the temperature drop through the GHE wall 
can be calculated. The temperature difference between the external GHE surface and the adjacent 
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soil can be attributed to the contact resistance (Rc). The measured data and associated calculated 
results are shown in Figure 2.7. 
 
Figure 2.7: Temperature Profile for Polyethylene GHE Buried in Clay during Cooling Mode 
Operation, (Svec et al., 1983). 
The compiled experimental results for all 5 configurations indicated that the contact 
resistance at the interface between the GHE and adjacent soil could account for up to 8% of the 
total thermal resistance, whereas the combined GHE wall and contact resistances could account 
for up to 35% of the total thermal resistance (Svec et al., 1983). From this study, it is apparent that 
both the thermal resistance of the GHE (pipe) walls and the contact resistance at the GHE-soil 
interface, which highly depends upon the backfill properties, can significantly affect the heat flux 
characteristics of GHEs. 
Much of the backfill improvement studies have been directed toward enhancing the 
thermal performance of vertical GHE systems. These vertical systems, often called borehole 
GHEs, typically incorporate some type of grout material which couples the GHE pipe to the 
ground formation. A considerable amount of research has been done to develop high thermal 
conductivity grouts which are easy to install and are cost effective (Allan, 1997/ ; /Allan and 
Philippacopoulos, 1998). Although this research specifically addresses the design and 
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performance of vertical GHEs, the overarching heat transfer concepts and observed 
thermodynamic behavior can also apply to horizontal GHEs. 
In 2009, Eicker and Vorschulze conducted a parametric study of soil-based backfill as 
well as grout-based backfill. The soil-based backfill thermal conductivities ranged from 0.5 
W/m*K, representing dry clay, to 2.5 W/m*K, representing saturated sand. The simulated relative 
cooling performance of the different soil backfills is shown in Figure 2.8: 
 
Figure 2.8: Comparison of Heat Dissipation Capacity for Various Soil-Based Backfill Materials, 
(Eicker et al., 2009). 
 
As seen in Figure 2.8, the saturated clay, moist sand and dry clay soils dissipate less heat 
from the GHE than the well-graded moraine soil, whereas the saturated sand dissipates the most 
heat from the GHE. This indicates that soils with higher thermal conductivities (which is highly 
dependent on moisture content) dissipate more heat relative to soils with lesser thermal 
conductivities. Eicker et al. (2009) also investigated borehole grout backfilling effects. 
Specifically, light concrete, bentonite and high performance grout were studied, having thermal 
conductivities of 0.8 W/m*K, 1.6 W/m*K and 3.2 W/m*K respectively. The simulated relative 
cooling performance of the fluidized borehole backfills is demonstrated in Figure 2.9. Note that 
the higher thermal conductivity grout dissipates more heat than either the bentonite reference 
backfill or the light concrete backfill. 
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Figure 2.9: Comparison of Heat Dissipation Capacity for Various Fluidized Backfill Materials, 
(Eicker et al., 2009). 
 
Using the line source and cylindrical source theory, Xu et al. (2009) studied the impact of 
the grout thermal conductivity on the overall heat exchange rate of the borehole GHE. Intuitively, 
as the thermal conductivity of the grout increased, the overall heat exchange rate also increased. 
Xu et al. (2009) recommended that the thermal conductivity of the grout should be at least larger 
than that of the native soil. This was also illustrated by Philippacopoulos and Berndt in 2001. See 
Figure 2.10:  
 
Figure 2.10: Expected Heat Flux Profiles for Different Backfill Thermal Conductivity, 
(Philippacopoulos et al., 2001).  
In recent years, much work has been done to develop grout material which exhibit 
enhanced thermal properties. Allan (1997) investigated the thermal performance of 
Kb = Backfill thermal conductivity 
Ks = Native soil thermal conductivity 
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superplasticized cement-sand grouts, relative to conventional bentonite grouts, for backfilling 
vertical boreholes. The study involved the rigorous laboratory testing of numerous cement-sand 
grout mixtures in order to determine their relevant thermal characteristics. The “best” cement-sand 
grout formulation was approximately three times more conductive than both conventional high 
solids bentonite and neat cement (cement plus water only) grouts. Furthermore, the thermal 
conductivity was approximately 1.6 times greater than that for thermally enhanced bentonite 
(Allan and Philippacopoulos, 1998). In addition, the cement-sand grout mixture demonstrated 
good retention of thermal conductivity after the curing process and during extended exposure to 
heat flux from the GHE. The laboratory test results clearly indicate that cement-sand grouts 
possess significantly lower system coefficient of permeability and reveal better bonding to HDPE 
than neat cement grouts over a range of representative temperatures (Allan and Philippacopoulos, 
1998). In some grout formulations, latex was added to further improve bonding of the grout to the 
GHE (HDPE pipe). Based upon calculations performed by Allan (1997) and depending on bore 
diameter, soil type and other variables, the optimal cement-sand grout mixture can result in 
potential bore length reductions of up to 22 to 37 % (Allan and Philippacopoulos, 1998). The 
reduction in GHE length can significantly reduce the installation cost associated with drilling and 
excavation, thus making the GCHP systems more economically competitive with conventional 
heating and cooling systems. 
Delaleux, Py, Olives and Dominguez (2011) also worked to improve the thermal 
characteristics of the grout material used in vertical GHE systems. Conventional borehole systems 
feature water as the heat transfer fluid, HDPE pipe to transfer the water in the GHE and bentonite 
grout to couple the GHE to the ground. The total thermal resistance of the borehole configuration 
is defined by three distinct component resistances: 
(1)  Convective resistance between the water or glycol mixture and the inside HDPE pipe 
surface 
(2) HDPE pipe wall thermal resistance 
(3) Bentonite grout thermal resistance 
The relative influence of the component resistances can be seen in Figure 2.11. 
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Figure 2.11: Total Borehole Thermal Resistance Juxtaposed with Specific Component 
Resistances, as a function of Bentonite Grout Thermal Conductivity, (Py et al., 2011). 
In the case of conventional values of bentonite grout for which thermal conductivities 
ranging from 1 to 2 W/m*K, the largest fraction of the overall thermal resistance is due to the 
bentonite itself (from 65 to 45%) followed by the HDPE pipe wall resistance (from 35 to 52%), 
(Py et al., 2011). The convective resistance of the working fluid is assumed to be negligible. 
Thus, to enhance the overall heat transfer rate of the GHE, the author advocates first 
improving the bentonite thermal properties and then addressing the pipe material. Py et al. (2011) 
investigated increasing the thermal conductivity of bentonite grout by incorporating additives into 
the grout mixture. More specifically, the thermal quality of the bentonite is enhanced by 
incorporating graphite into the grout formulation. The graphite material is inert with respect to the 
environment, chemically stable, highly available at the industrial scale and presents a very high 
intrinsic thermal conductivity. In Py’s research, two kinds of graphite particles have been tested: 
(1) graphite flakes and (2) expanded natural graphite (ENG). 
The grouts that included expanded natural graphite, which is compressed to form an 
anisotropic conductive porous matrix, demonstrates high thermal conductivity (up to 5 W/m*K) at 
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low graphite concentrations (approximately 5% by weight), (Py et al., 2011). Consequently, this 
enhanced grout conductivity results in an increase in overall heat transfer of 50% for a modest 
amount of graphite material. Although the addition of the graphite will increase the cost of the 
grout, the improved heat transfer of the GHE will significantly reduce the length of the GHE 
system. Compared to conventional bentonite grout borehole GHEs, the graphite enhanced grouts 
can reduce the installation cost by up to 30% and still yield the same GSHP thermal efficiency. 
In addition to developing grout which demonstrates enhanced thermal properties, it is 
also important that the grout maintains good contact with the GHE pipe and the surrounding soil 
formation. Debonding in GHEs may occur for a variety of reasons, such as improper placement of 
grout, shrinkage of the backfill materials or of the surrounding formation (due to moisture 
migration) and thermal mismatch of adjacent materials (Philippacopoulos et al., 2001). A loss of 
contact between the GHE pipe and the grout or between the grout and the surrounding soil 
formation can cause degradation of the GHE thermal performance. In particular, the loss of 
contact between the surfaces introduces interfacial gaps which increase the contact resistance and 
reduce the heat transfer capacity of the GHE. Philippacopoulos et al. (2001) investigated the 
relative effects of debonding at both the pipe/grout and grout/soil interfaces. The cylindrical 
source theory is employed to study the one-dimensional, steady-state heat conduction. Assuming 
debonding between the grout and the surrounding soil formation, the steady-state temperature and 
heat flux distributions are displayed in Figure 2.12 and Figure 2.13. 
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Figure 2.12: Temperature Profile through the GHE-Soil Cross Section with Debonding at the 
Contact Interface, (Philippacopoulos et al., 2001). 
 
Figure 2.13: Heat Flux Profile through the GHE-Soil Cross Section with Debonding at the Contact 
Interface, (Philippacopoulos et al., 2001). 
As shown in Figure 2.12 and Figure 2.13, the debonding of the grout from the soil 
formation causes a thermal jump to develop at the grout-soil interface. Most importantly, the 
amount of heat which can be transferred by the GHE, either in the cooling or heating mode, is 
significantly diminished. 
Although the one-dimensional model was adequate in capturing the fundamental effects 
of debonding gap formation on the heat conduction process, the model does not account for spatial 
variability of gaps along the circumferential planes of the GHE system. Hence, a two-dimensional 
finite element analysis was conducted to investigate asymmetric heat flux response due to the 
spatial distribution of gaps. The simulation results indicated that 360o debonding at the 
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grout/formation interface caused a 60% reduction in the overall heat transfer coefficient, whereas a 
360o debonding at the pipe/grout interface caused a 66% reduction in the overall heat transfer 
coefficient (Phillipacopolous et al., 2001). In general, the study verified that gaps at the grout/soil 
interface resulted in a pronounced temperature drop across the interface, a reduction in heat flux 
near the GHE, an increase in the total thermal resistance of the borehole system and a decrease in 
the overall heat transfer rate of the GHE. Thus, in order to optimize the efficiency of the GSHP 
system, it is imperative that the backfill have a higher thermal conductivity than the soil formation 
and, in addition, that the backfill maintain good contact at both the pipe and the soil interfaces.  
2.6 Backfill Patents 
 
In the past, a considerable amount of work has been done to develop backfill materials 
which could be placed around buried high voltage transmission cables, (Adams and Baljet, 1968; 
Mitchell, Kao and Abdel-Hadi, 1977; Radhakrishna, 1981 and Boggs, Chu, Radhakrishna and 
Steinmanis, 1982). The power delivered via these buried cables depends upon the current carrying 
capacity of the cable and is limited by the operating temperature of the cable. The temperature of 
the cables is governed by the resistive losses during the transmission process and thus it is 
important that the heat generated by the cable be effectively dissipated by the backfill. Typically, 
due to the low material cost and availability, the backfill around buried electrical cables consisted 
of dry sand, which is a poor thermal conductor. This backfilling approach can result in significant 
electrical losses and, in some cases, can cause complete failure of the transmission line (Jackson, 
1982). 
Several patents for backfill materials have been filed in order to address the thermal 
dissipation requirements of buried high voltage transmission cables. Although the patents 
primarily address the needs of the electric utility industry, they can be readily applied to improve 
the heat dissipation capacity of buried GHEs (especially horizontal GHE configurations, mainly 
due to their similarity to electric cable trench-based installation techniques). Specifically, backfills 
which demonstrate enhanced thermal conductivity, even in dry conditions, and which maintain 
good contact with the GHE have been developed and commercially patented. 
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Many of these backfill improvement patents are founded upon the same principles. In 
essence, the thermal properties of the backfill are improved by including a substance that both fills 
the pores in the soil matrix and does not migrate when exposed to a heat flux. Specifically, the 
composite backfills incorporate a homogeneous mixture of sand, or similar granular material, and 
a binder which connect adjacent particles. A number of soil additives have been previously studied 
including cement-based compounds, insoluble silica gels, cement-bentonite grouts and Portland 
cement. However, the backfill tests of the aforementioned additives yielded minimal increases in 
the backfill thermal conductivity as compared to untreated soil in the moist state; whereas they 
demonstrated significantly higher thermal conductivities than untreated soil in the dry state 
(Mitchell and Kao, 1984). Furthermore, these backfill additives proved to be expensive and were 
often economically infeasible.  
Mitchell et al. (1984) sought to invent a high thermal conductivity backfill material, 
which was thermally comparable to untreated soil in the moist state, was cost-effective and did not 
deteriorate with time and exposure. The backfill formulation was comprised of a mixture of sand 
and wax in an amount of 2% by weight. The wax, which was the binder for the sand particles, 
consisted of crystalline, microcrystalline or slack waxes. The author proposed three different 
methods of backfill preparation and placement: 
a) Melted wax mixed with sand 
b) Emulsion of wax mixed with sand 
c) Powdered wax mixed with sand 
 
Upon mixing the sand with the wax, the backfill is placed into the trench and is 
compacted to ensure both adequate interparticle contact as well as good contact between the 
backfill and the GHE. The thermal resistivities of the backfill formulations can be seen in Table 1: 
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Table 1: Wax Backfill Mixture Thermal Properties, (Mitchell et al., 1984). 
 
As seen in Table 1, the addition of wax material to the soil matrix significantly reduces 
the thermal resistivity of the backfill. The measured thermal resistivities of the wax-based backfills 
are comparable to that of the untreated moist sand. Recall that the wax-based backfills retain 
thermal integrity when exposed to prolonged heat dissipation, whereas the moist sand thermal 
properties can degrade due to coupled flow phenomenon. This offers great promise for extended 
cooling mode operation of GCHPs in hot and arid climates, where unsaturated soil conditions are 
prevalent. 
Similar to the research conducted by Mitchell and his group in 1984, Jackson (1982) invented 
a backfill formulation which included sand and a wax-based binder, composed of both an organic 
adhesive and a fine particle filler. The composite backfill material may also include a defoaming 
agent to decrease air entrapment, surfactants /dispersants to increase the coating of the sand 
particles by the binder and coupling agents to increase adhesion of the adhesive to the inorganic 
filler and sand. Furthermore, different types of sand, which feature a more angular particle shape, 
were studied to improve the thermal conductivity of the backfill. Compared to round (spherical) 
particle sands, the angular sands demonstrate increased particle contact area and thus allows for 
greater interparticle conduction. The heat flow for the microstructure is predominantly through the 
sand-binder interface, rather than through air-filled pores as is typical of dry sand backfill. The 
author developed binder materials which met several key criteria: 
a) Existed in liquid form as to adequately coat the sand particles and to maintain workability 
during installation 
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b) Liquid solidified after installation as to prevent migration from GHE (via rainwater 
percolation or coupled flow) 
c) Remained flexible as to accommodate thermal expansion or contraction which would 
stress interparticle bonds 
d) Provided good adhesion between the backfill and the GHE pipe 
e) Nontoxic and nonbiodegradable 
The author tested 40 different backfill formulations and determined their corresponding 
thermal conductivities. Relative to the thermal conductivity of dry sand, which range from 0.3-0.4 
W/m*K, the author developed backfill mixtures which exhibited thermal conductivities from 0.5 
W/m*K to 3.4 W/m*K. By enhancing the thermal properties of the backfill, the performance of 
the GHE is significantly improved. These backfill materials demonstrate higher thermal 
conductivity than conventional dry sand (which is typically used for backfilling horizontal GHEs), 
their thermal properties remain stable (independent of the mode of operation or surrounding 
ground conditions), they are cost-effective and they are easy to install on-site (requiring no 
additional equipment or specialized labor). 
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Chapter 3 
CONTEXT OF RESEARCH 
3.1 Problem Statement 
A significant amount of research has been done to simulate the energy performance of 
GCHP systems. Based upon theoretical research and actual field performance tests, several rules-
of-thumb and generalized design approaches have been developed to guide building professionals 
in the specification of GCHP components. Although the operation of air/water source heat pump 
equipment is fairly well-known and is thoroughly described by well-established thermodynamic 
and heat transfer principles, relatively little work has been done to better understand the ground 
coupling behavior between the ground heat exchanger (GHE) and the adjacent soil in GCHP 
systems. Unfortunately, this often encourages building engineers to adopt a conservative design 
approach and results in the gross over-sizing of the GHE, thus drastically increasing the 
installation cost of GCHP systems. This conservative design approach is particularly prevalent in 
hot and arid climates, where the heat transfer between the ground and GHE coil buried in granular 
and unsaturated soils is very poorly understood, and has hindered the adoption of GCHP systems 
in these climates. The buildings located in hot and arid climates often consume significant 
amounts of energy to cool the occupied spaces. As heat is extracted from the conditioned space 
and rejected from the GHE into the soil, a coupled flow of both heat and moisture can occur, 
causing the moisture in the ground to migrate away from the GHE coil. This coupled flow 
phenomenon can cause the soil near the heat exchanger to dry out and results in a degradation of 
the GHE coil effectiveness.  Although relatively simple techniques of backfilling the GHE have 
been utilized in practice to mitigate such coupled effects and to minimize the contact resistance at 
the GHE-soil interface, a proper heat transfer analysis of backfilled GHEs validated by 
experimental or field performance data and an investigation of ground modification techniques to 
stabilize backfill thermal properties, especially in horizontal GCHP systems, have not been 
thoroughly undertaken. 
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3.2 Research Objectives 
Although a wealth of research has been done to accurately describe the thermal 
performance of buried GHEs and the associated thermodynamic behavior of the adjacent soil, 
there are still limitations in the existing work. This study is directed to addressing some of these 
limitations. In particular, this research is meant to assess the accuracy of widely-used GHE 
modeling software and to justify ground modification, or specialized backfilling, techniques 
around the GHE for improved heat dissipation capacity. The objectives of this research are as 
follows: 
1) Develop a modeling strategy for backfilled GHEs by validating the accuracy of 
widely-used geothermal modeling software in predicting the heat dissipation 
behavior of GHE with measured performance data and by investigating the 
influence of contact resistance at the GHE-soil interface on the soil temperature 
distributions around the GHE.  
2) Investigate the improvement in heat dissipation capacity by enhancing the 
thermal properties of the GHE backfill and assess the ability of widely-used 
modeling software to predict such improvement. 
3.3 Scope 
This study focuses on horizontal closed-loop GCHP systems, which are defined by 
shallow buried GHE pipe networks. These horizontal systems are suitable for residential and small 
commercial building applications, where there is adequate ground area for trenching installation. 
The current availability of commercial trenching equipment and specialized contractors; both of 
which have significantly reduced the installation costs associated with excavation and placement 
of GHEs. Furthermore, this research is constrained to hot and arid climates, where the water table 
is very deep and the native soil surrounding the shallow horizontal GHEs can be characterized as 
unsaturated and primarily granular. The residential and commercial buildings located in these 
climates are cooling load dominated, and thus the GHE would operate in a primarily heat 
dissipation mode.  
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The aforementioned GHE configuration, the climate typology and the soil characteristics 
as well as the dominant mode of building HVAC operation justifies the need to study contact 
resistance at the GHE-pipe interface (especially under deleterious coupled flow conditions which 
are likely to occur in unsaturated, granular soils) and the need to develop backfill materials which 
demonstrate stable thermal properties (even when exposed to prolonged periods of heat dissipation 
from the GHE). 
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Chapter 4 
METHODOLOGY 
4.1 Overview of Methodology 
In order to achieve the aforementioned objectives, the research involved the following 
steps: 
a. Preliminary numerical modeling to determine experimental setup [Sec 4.2] 
i. Selection of modeling software [Sec 4.2.1] 
ii. Sizing of the soil containment box [Sec 4.2.2] 
b. Design, fabrication and instrumentation of the experimental setup [Sec 4.3] 
i. Construction of soil containment box [Sec 4.3.1] 
ii. Construction of water circulation loop [Sec 4.3.2] 
iii. Installation of temperature measurement sensors [Sec 4.3.3] 
iv. Placement of soil [Sec 4.3.4] 
c. Experimental testing and analysis of dry sand backfill [Sec 4.4] 
i. Steady-state experiment with dry sand backfill [Sec 4.4.1] 
 Measurement of spatial and temporal temperature profiles 
ii. Theoretical analysis of steady-state experiment with dry sand backfill 
[Sec 4.4.2] 
 Application of buried cylindrical heat source theory 
iii. Steady-state numerical modeling with dry sand backfill [Sec 4.4.3] 
 Simulation of spatial and temporal temperature profiles for 
steady-state conditions 
 Comparison with steady-state experimental results 
iv. Transient (cyclic) experiment with dry sand backfill [Sec 4.4.4] 
 Measurement of spatial and temporal temperature profiles 
v. Transient numerical modeling with dry sand backfill [Sec 4.4.5] 
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 Simulation of spatial and temporal temperature profiles for 
transient conditions 
 Comparison with transient experimental results 
d. Experimental testing and analysis of modified backfill [Sec 4.5] 
i. Selection of modified backfill [Sec 4.5.1] 
ii. Preparation of modified backfill [Sec 4.5.2] 
iii. Placement of modified backfill [Sec 4.5.3] 
iv. Steady-state experiment with modified backfill [Sec 4.5.4] 
 Measurement of spatial and temporal temperature profiles 
v. Steady-state theoretical analysis [Sec 4.5.5] 
vi. Transient (cyclic) experimental results [Sec 4.5.6] 
 Measurement of spatial and temporal temperature profiles 
vii. Thermal conductivity testing of modified backfill [Sec 4.5.7] 
viii. Numerical validation [Sec 4.5.8] 
 Simulation of spatial and temporal temperature profiles for 
both steady-state and transient conditions 
 Comparison with experimental results 
4.2  Preliminary Numerical Modeling 
At the onset, a numerical model is needed to determine the scale of the experimental 
setup. It was important that a theoretically robust, yet user-friendly numerical modeling program 
be identified to perform the task.  
4.2.1 Selection of Numerical Modeling Software 
For this research, the Hydrus 2D (version 2.01) software package was used to perform all 
numerical modeling. Hydrus is a comprehensive geotechnical modeling software, based upon 
decades of research and development, which can simulate water flow, heat and solute transport in 
soils with varying degrees of saturation. The Hydrus program numerically solves the Richards 
equation for saturated and unsaturated water flow, 
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for heat and solute transport. Furthermore, Hydrus can simulate heat exchange at the ground 
surface, including evaporation, transpiration, and solar radiation. The heat transport equation 
considers transport due to conduction and convection of flowing water. These governing flow and 
transport equations are solved numerically using Galerkin-type linear finite element schemes. 
Depending upon the size of the problem, the matrix equations resulting from discretization of the 
governing equations are solved using either Gaussian elimination for banded matrices, or a 
conjugate gradient method for symmetric matrices and the ORTHOMIN method for asymmetric 
matrices.   
Unlike many soil modeling programs of the past, Hydrus includes a detailed graphical 
user interface which streamlines the modeling process and reduces the steep learning curve often 
associated with these types of software programs. In addition to its sound theoretical background 
and its streamlined graphical user interface, Hydrus features fast simulation times and consistently 
converges to stable solution domains. The simulation output can be displayed in numerous useful 
graphical representations and the simulated data can be easily exported from Hydrus for further 
analyses. Hydrus has been used by researchers and industry professional alike to study 
groundwater hydrology, soil/aquifer contamination, surface stormwater retention, landfill cover 
systems, agricultural dynamics and coupled (heat-moisture) flow. Since this software is widely 
used in the engineering industry and has been specifically used by design professionals to model 
ground heat exchangers for ground source heat pump systems, Hydrus 2D was determined to be 
the most appropriate numerical modeling tool for this research. 
4.2.2 Sizing of Soil Containment Box 
The basic experimental setup consisted of a pipe (ground heat exchanger) buried in dry 
sand, which is contained in a plywood box. The buried pipe circulated warm water, which 
represented cooling mode operation of the ground coupled heat pump. Specifically, the heat, 
which was extracted from the hypothetical building, was dissipated into the sand via ground heat 
exchanger. Based upon the ASHRAE Ground Source Heat Pump design manual (Kavanaugh and 
Rafferty, 1997), the fluid temperature entering the ground loop can be assumed to be 
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approximately 30oF higher than the ground temperature during cooling mode operation. For the 
Phoenix, AZ area, the groundwater temperature is approximately 72oF (22.2oC). Thus, the 
temperature of the water circulated through the buried pipe was simulated to be approximately 
105oF (40.5oC), which corresponds to the working fluid temperature of a ground coupled heat 
pump operating in the cooling mode for a building located in Phoenix, AZ.  
The objective of the preliminary modeling phase was to determine an appropriate size of the 
wooden containment box, such that the boundary conditions at the box walls would not have a 
significant impact on the development of the soil temperature profiles around the buried pipe. The 
containment box dimensions were determined via an iterative process. Specifically, the height and 
width dimensions of the containment box were altered until the steady-state isotherms around the 
buried pipe were approximately circular in shape and no significant temperature gradient existed 
at the box wall boundaries. Initially, a numerical model was created to simulate the steady-state 
heat transfer from the pipe, which was buried in moderately packed dry sand. Since there was no 
moisture present in the soil, the Hydrus model did not account for any coupled flow effects and 
only heat transport processes were simulated. The Hydrus modeling steps to determine the 
appropriate sizing of the sand containment box were as follows: 
1) Specified the geometry and material components of the system.  
a) The model was defined by 3 different surfaces in a 2-D cross sectional view. 
The surfaces included: 3/8” (0.95cm) thick wood box walls, sand and high-
density polyethylene (HDPE) pipe 
i. The  dimensions of the HDPE pipe were fixed for all simulations and 
the pipe burial depth was fixed at approximately 6” (15.2cm) O.C. for 
all simulations 
ii. The height and width dimensions of the wooden box were altered in an 
iterative manner 
2) Defined the material properties  
a) The moisture content of all model components was specified as 0% 
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b) Porosity, thermal conductivity and volumetric heat capacity of Ottawa 20-30 
sand 
i. Porosity = 0.35. Assumed for a moderately packed Ottawa 20-30 sand. 
See Table 2. 
ii. Thermal Conductivity of Dry Ottawa 20-30 Sand = 0.28 W/mK. See 
Figure 4.1. 
 
Table 2: Ottawa 20-30 Sand Properties (Smits, Sakaki, Limsuwat and Illangasekare, 2009). 
 
 
Figure 4.1: Thermal Conductivity vs. Volumetric Moisture Content for Ottawa 20-30 Sand (Smits 
et al., 2009). 
iii. Calculated Volumetric Heat Capacity of Ottawa 20-30 Sand =  1.41 
J/cm3*oC  
1. Dry Bulk Density of moderately packed Ottawa 20-30 Sand = 
1.7 g/cm3 . See Table 2. 
2. Specific Heat of Quartz = 830 J/kg*oC 
c) Determined porosity, thermal conductivity and volumetric heat capacity of 
HDPE pipe 
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i. Porosity = 0. Assume solid material. 
ii. Thermal Conductivity = 0.38 W/mK (from International Ground 
Source Heat Pump Association) 
iii. Calculated Volumetric Heat Capacity of HDPE Pipe = 2.29 J/cm3*oC 
1. HDPE Density = 0.955 g/cm3 
2. Specific Heat of HDPE = 2400 J/kg*oC 
d) Determined porosity, thermal conductivity and volumetric heat capacity of 
plywood box walls and base 
i. Porosity = 65% 
ii. Thermal Conductivity = 0.13 W/mK 
iii. Calculated Volumetric Heat Capacity = 0.65 J/cm3*oC 
1. Specific Heat = 1300 J/kg*oC 
2. Dry Density of Plywood = 500 kg/m3 
3) Specified initial temperature conditions 
a) Based upon the measured ambient air temperatures in the laboratory, an initial 
soil temperature of 74oF (23.3oC) was specified 
4) Specified boundary temperature conditions 
a) In accordance with the temperature of the water being circulated through the 
buried pipe, a constant temperature of 105oF (40.5oC) was assigned at the inner 
pipe surface (assumed no convective film resistance between water and pipe 
wall) 
b) Based upon the measured ambient conditions in the laboratory, a constant air 
temperature of 74oF (23.3oC) was assigned at the exposed soil surface  
c) Constant air temperature of 74oF (23.3oC) was assigned at the outer surface of 
the box walls and box base  
5) Generated finite element (FE) mesh 
6) Specified output information 
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a) An “interval output” of 60 minutes was specified, which ensures that the 
program generated temperature data for each hour. (Note that this temperature 
data was visually represented as isotherms at each hour of the simulation ) 
7) Simulated configuration 
After running a few iterations of the system geometry, it was determined that a 2 feet (0.61m) 
high by 2 feet (0.61m) wide plywood soil containment box would be adequate for the physical 
experimentation associated with this research. These were the smallest box dimensions which 
indicated minimal thermal interaction of the box (walls and base) with the heat transfer from the 
buried pipe. More specifically, the simulated steady-state isotherms around the pipe were 
approximately circular in shape, especially laterally from the pipe axis and below the pipe, and no 
significant temperature gradients were observed at the box wall boundaries. However, as expected, 
for all simulations the ambient conditions at the soil surface distorted the isotherms above the 
pipe, as shown in Figure 4.2: 
 
 
Figure 4.2: Isotherm Visual Output from Hydrus Software 
 
This scale of containment box best represented the far-field temperature conditions and 
heat dissipation characteristics typical of a full-scale horizontal ground heat exchanger in the field. 
Although this preliminary modeling study only simulated a 2-dimensional cross section at the mid 
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plane of the soil box, it provided insight into the significance of the box wall “end effects” and 
their relative influence on the temperature profiles around the buried pipe. To further ensure that 
the thermal interaction from the box end walls would be minimized during experiments, the soil 
containment box was assumed to be 3 feet (0.91m) in length. This allowed for approximately 1.5 
feet (0.46m) of separation between the midplane of the box (the location at which the temperature 
profiles were to be measured) and the box end walls. 
4.3 Design, Fabrication and Instrumentation of Experimental Setup 
As determined from the preliminary numerical modeling, the physical experimental setup 
consisted on a 3 foot (0.91m) long by 2 foot (0.61m) wide by 2 foot (0.61m) high plywood soil 
containment box, such that the soil surface was left exposed to the ambient laboratory 
environment.  
4.3.1 Construction of Soil Containment Box 
The box was made of 3/8” (0.95cm) thick plywood sheathing and braced with wooden 2” 
x 4” studs. See Figures 4.3, 4.4, 4.5 from side profile, plan and end profile views of the box: 
 
Figure 4.3: Side Profile View of Soil Containment Box 
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Figure 4.4: Plan View of Soil Containment Box 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: End Profile View of Soil Containment Box 
 
A 1 ½” (3.81cm) nominal outer diameter (1 ¼” (3.18cm) nominal I.D.) HDPE 
geothermal pipe was positioned horizontally through the long axis of the box as to represent a 
buried GHE in a closed loop horizontal GCHP system. Specifically, Centennial Plastics LLC 
CenFuse 1 ¼” inner diameter (SDR-11) HDPE pipe, which is certified for geothermal 
applications, was used for the experiment. The relevant material properties of Centennial Plastics 
LLC CenFuse 1 ¼” inner diameter (SDR-11) HDPE pipe are compiled in Table 3: 
Density of 
HDPE, ρp 
Specific heat of HDPE, 
cp 
Volumetric heat capacity 
of HDPE, ρpcp 
Thermal conductivity, 
kp 
955 kg/m3 2,400 J/kg*C 2,290,000 J/m3*C 0.38 W/m*C 
 
Table 3: HDPE Geothermal Pipe Properties 
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4.3.2 Construction of Water Circulation Loop 
To ensure a “full-flow” condition in the pipe, i.e. where the entire HDPE pipe cross-
section is full of water, cylindrical reservoirs were installed at either end of the HDPE pipe (see 
Figure 4.6). The inlet at the upstream reservoir was located at a higher elevation than the outlet at 
the downstream reservoir as to generate the necessary pressure head which drives the water 
circulation in the open loop system. Water was simultaneously heated and pumped with a VWR 
International Model 1112A Circulator at a rate of 4 gal/min, from a 5-gallon storage tank into the 
upstream reservoir. The water then flowed from the upstream reservoir through the HDPE pipe 
and into the downstream reservoir. The hot water flowing through the buried HDPE pipe 
simulated the cooling mode operation of the GCHP system, during which heat is rejected by the 
GHE into the sand backfill. The heated water then flowed from the downstream reservoir back 
into the 5-gallon storage tank, where it was reheated to the specified temperature and pumped back 
through the circulation loop. 
 
Figure 4.6: Schematic of Experimental Setup 
 
4.3.3 Installation of Temperature Measurement Sensors 
Thermocouple sensors were installed at the vertical midplane of the soil box in order to 
measure the temperature profiles around the buried GHE.  A total of 23 Marlin Manufacturing 
Corp. (T-24-P030) Type-T thermocouples were used for temperature data collection. Two 
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thermocouples were designated to measure the ambient air temperature in the vicinity of the soil 
containment vessel. In addition, two thermocouples were installed in the flow stream to measure 
the temperature of the water traveling through the HDPE pipe segment. Specifically, one 
thermocouple was drilled through the pipe wall and epoxied at the upstream end of the HDPE 
pipe, and the second thermocouple was drilled through the pipe wall and epoxied at the 
downstream end of the HDPE pipe. A single thermocouple was drilled into the outer surface of 
HDPE pipe wall and epoxied at the midpoint of the pipe segment. Several thermocouples were 
placed at the midplane of the HDPE pipe to measure the cross-sectional soil temperature profile 
around the GHE. See Figure 4.7: 
 
Figure 4.7: Plan View of Thermocouple Instrumentation 
 
 
At the midplane of the HDPE pipe, 8 thermocouples were placed to measure the soil 
temperatures along the vertical axis and 4 thermocouples were placed to measure the soil 
temperatures along the horizontal axis. The horizontal temperature distribution was assumed to be 
symmetric on either side of the pipe and thus thermocouples were only installed on one side of the 
HDPE pipe. A single thermocouple was placed immediately next to the top outer surface of the 
HDPE pipe as well. See Figure 4.8: 
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Figure 4.8: Profile View of Thermocouple Instrumentation 
 
Note that the thermocouples which measured soil temperatures, were attached to 
stationary wooden fixtures (“jigs”). These wooden “jigs” ensured that the thermocouples remained 
at pre-defined locations during the backfill process and throughout the series of experiments. See 
Figures 4.9, 4.10: 
 
 
Figure 4.9: Thermocouple Jigs 
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Figure 4.10: Backfilling Thermocouple Jigs 
Recall that the temperature measurement instrumentation was installed at the midplane of 
the soil box as to minimize the thermal interaction with the box walls.  By removing these “end 
effects”, the experimental results would better represent actual field conditions and would also be 
easier to model numerically. 
An Agilent 34970A data logger was used to record the temperature data from the 
installed thermocouple sensors. The data logger has a built-in thermocouple reference capability, 
directly converting the measured voltage signal to a temperature value, and can read up to 60 
thermocouple sensors simultaneously. Furthermore, the data logger can store up to 50,000 data 
points, allowing for several days of data to be collected depending upon the specified scan rate. 
4.3.4 Placement of Soil 
After installing the thermocouples, the box was filled with sand such that the center of the 
HDPE pipe was buried 6” below the soil surface. See Figure 4.11: 
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Figure 4.11: Profile View of Pipe Burial Depth 
To accurately simulate field installation conditions in a desert environment, Ottawa 20-30 
sand (ASTM Designation C778), from U.S. Silica Company in Ottawa, Illinois was selected as the 
native soil for all experimentation. Ottawa 20-30 sand was selected for the experimentation 
because it is readily available, with near consistent properties, and has been used by many 
researchers for experiments on cohesionless soil (Tarnawski et al., 2009). Numerous researchers 
have used Ottawa 20-30 sand for investigations involving the use of a uniform cohesionless soil, 
(Alshibli, Sture, Costes, Frank, Lankton,  and Batiste, 2000; Santamarina and Cho 2001 ; Evans, 
2005 ; and Salgado, R., Bandini, P., and Karim, A., 2000). Ottawa 20-30 sand is composed 
primarily (99.8%) of silicon dioxide (quartz) and is a poorly graded sand that consists of 
subrounded particles (Evans, 2005). All sand grains (mean d50 = 0.72 mm) pass through a sieve 
size of 0.85mm (No. 20) and 97% of the sand grains are retained on a sieve size of 0.60mm (No. 
30). 
The relevant properties of dry Ottawa 20-30 sand are compiled in Table 4: 
Density of 
quartz, ρs 
Specific heat of 
quartz, cs 
Quartz volumetric heat capacity of 
quartz, ρscs 
Bulk dry thermal 
conductivity, kd 
2,650 
kg/m3 
830 J/kg*C 1,295,000 J/m3*C 0.25-0.30 W/m*C 
 
Table 4: Properties of Dry Ottawa 20-30 Sand 
  51 
Note that the thermal conductivity of the sand is dependent on both the compaction 
(porosity) and the moisture content. This parameter was modified for the different backfilling 
materials (and the associated placement techniques) tested. 
Since the thermal properties of the dry sand are not significantly affected by the density, a 
method of placing the sand at a constant density was not adopted. Instead, a procedure was used to 
place the sand in a loose, relatively uniform state. The dry Ottawa 20-30 sand was placed gently 
into the soil containment box with 5-gallon buckets. The sand was poured into the box as to 
minimize the fall height and to minimize the compaction of the soil matrix. The thermocouple 
“jigs” were tapped gently during the backfilling process as to ensure that there were no localized 
air gaps around thermocouple sensors. The sand fall height ranged from 6” to 12” and a total of 
approximately 1000 pounds (453.6kg) of dry sand was placed into the box.  
4.4 Experimental Testing and Analysis of Dry Sand backfill 
The first set of experimentation and numerical modeling consisted of investigating the 
heat dissipation capacity of a pipe buried in dry sand. This backfill scenario represented typical 
soil conditions in horizontal (shallow burial depth) ground heat exchangers located in a desert 
climate, where the water table is very deep below the soil surface. Both steady-state and transient 
heat dissipation from the buried pipe were experimentally tested and analyzed.  
4.4.1 Steady-State Experiment with Dry Sand Backfill 
The first experiment represented conventional horizontal GHE installation (no ground 
modification) and steady-state operation for buildings located in hot and arid climates. In 
particular, the HDPE pipe was buried in dry Ottawa 20-30 sand and the circulated water was 
heated to approximately 105oF (so as to simulate cooling mode operation of the GCHP system). 
Essentially, this experiment configuration featured a GHE buried in soil with very poor thermal 
conductivity and provided a reference base case for the latter experiments, which featured some 
type of soil modification around the GHE.  The steady-state experimental procedure is explained 
in the following steps: 
1) The thermocouple “jigs” were installed in the pre-specified fixed positions 
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2) Dry Ottawa 20-30 sand was placed at an approximate uniform density via 5-gallon 
buckets and the containment box was filled with dry sand until the HDPE pipe was 
buried at an approximate depth of 6” O.C. 
a. The thermocouple “jigs” were gently tapped throughout the soil placement 
process to ensure that the dry sand completely encapsulated the thermocouples 
and that there were no localized air gaps 
3) The data logger was configured for a 1 minute scan rate and then switched “ON” 
4) The circulator was switched “ON”. The pump flow rate was set to “HIGH” and the pump 
outlet temperature was set to 105 oF. (Note that it took approximately 20-30 minutes for 
the water temperature in the 5-gallon storage tank, which stored the circulating water to 
ramp up from room temperature to 105 oF) 
5) The hot water circulation was sustained for 22 hours 
6) After 22 hours, the circulator was turned “OFF” 
7) The data logger was stopped and the temperature data was extracted 
4.4.2 Theoretical Analysis of Steady-State Experiment with Dry Sand Backfill 
By applying Fourier’s law of steady state heat conduction, the relative influence of 
contact resistance at the pipe-soil interface could be studied. Since the experimental setup 
represented a buried cylindrical heat source, Fourier’s law of steady-state heat transfer could be 
manipulated to account for the cylindrical geometry. Specifically, the fundamental heat transfer 
equation was integrated in cylindrical coordinates and the solution was cast as a logarithmic 
function, such that temperature versus the logarithm of radial distance is defined by a linear 
relationship. The experimental soil temperature measurements were then plotted as a function of 
the logarithm of the distance from the pipe axis, and the linear regression was projected, or 
extrapolated, to the outer pipe wall surface. See Figures 4.12, 4.13:  
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Figure 4.12: Temperature vs. Natural Log of Radial Distance for Steady-State Heat Transfer in 
Dry Sand Horizontally from Pipe Axis 
 
Figure 4.13: Temperature vs. Natural Log of Radial Distance for Steady-State Heat Transfer in 
Dry Sand Below Pipe Axis 
The temperature measurements horizontally from the buried pipe and below the buried 
pipe were selected for this steady-state analysis. These temperature measurements were the least 
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affected by the boundary conditions imposed by the ambient laboratory environment, whereas the 
temperature measurements above the buried pipe were significantly affected by the fluctuations in 
ambient temperatures at the soil surface and never reach a stable steady state.  Unlike the 
isotherms above the pipe axis which appear to be slightly distorted, the isotherms laterally from 
the pipe axis and below the pipe axis appear to be approximately circular from the 2-dimensional 
perspective. Thus Fourier’s law for cylindrical heat conduction can be readily applied to these 
conditions. 
The projected temperature line onto the outer pipe surface indicates an expected surface 
temperature (without contact resistance) between 103.5 oF and 101.7 oF. The observed outer pipe 
wall temperature during the experiment was approximately 102.8 oF, which falls between the 
expected analytical limits; thus indicating that the contact resistance at the pipe-soil interface was 
negligible. If any contact resistance had existed, a thermal jump (significant temperature gradient) 
would have appeared at the pipe-soil interface and the projected outer pipe wall temperature would 
have been noticeably less than the observed pipe wall temperature. 
Since the contact resistance at the pipe-soil interface was determined to be negligible for 
these dry sand backfill conditions, the corresponding numerical model would not need to be 
calibrated in order to account for any contact resistive effects. 
4.4.3 Steady-State Numerical Modeling with Dry Sand Backfill 
A numerical model was developed in Hydrus 2D to simulate the experimental setup of steady-
state heat transfer in dry sand. Since there was no moisture present in the system for this 
configuration, the Hydrus model only simulated heat transport processes. The Hydrus modeling 
steps were as follows: 
1) Specified the geometry and material components of the system. 
a) The model was defined by three different surfaces: wood box walls, sand and 
HDPE pipe. (The wood box walls and base were added to the model for visual 
purposes only. They did not affect any of the simulated heat transfer processes.) 
  55 
b) The dimensions of the numerical model components were the same as the 
physical model 
2) Defined the material properties (i.e. moisture content, thermal conductivity) 
a. The moisture content of all model components was specified as 0%. (No 
moisture migration was simulated) 
b. Porosity, thermal conductivity and volumetric heat capacity of Ottawa 20-30 
Sand 
i. Porosity = 1   "#$% "&$'()* = 1 – (1564 kg/m3 / 2650 kg/m3) = 0.41 
ii. Thermal Conductivity of Dry Ottawa 20-30 Sand = +.,-./012 3 45.6.7089:; < +.=56./012 = 
0.24 W/mK (Johansen, 1975) 
iii. Volumetric Heat Capacity of (Solid Phase) Dry Ottawa 20-30 Sand = 
"&$'() >  ?@,&$'() = 2.2 J/cm3*oC 
c. Porosity, thermal conductivity and volumetric heat capacity of HDPE pipe (See 
Section 3.2.2) 
d. Porosity, thermal conductivity and volumetric heat capacity of wood box walls 
and base 
i. Recall that during experimentation, several thermocouples were placed 
along the interior surface of the wooden containment box. Since the 
boundary temperature conditions at the box surfaces were measured on 
the interior surface, heat transfer through the box material was already 
accounted for in the measured temperature data. However, in order to 
satisfy the software limitations, the measured boundary temperature 
conditions were applied to the exterior surfaces of the box walls and 
box base in the numerical model. Thus, an artificially high thermal 
conductivity of 1,000 W/mK and a hypothetical volumetric heat 
capacity of 0 J/m3*oC was assumed for the wooden box wall and base 
components. These thermal properties indicate that the wood material 
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provides no thermal resistance between the exterior and interior 
surfaces.  
3) Specified initial temperature conditions 
a. Based upon the temperature measurements of the soil measured at the beginning 
of the experiment, an initial soil and pipe temperature of 18.3 oC (65 oF) was 
specified 
b. Based upon the temperature measurements of the box walls measured at the 
beginning of the experiment, an initial exterior box surface temperature of 19.6 
oC (67.3 oF) was specified 
4) Specified boundary temperature conditions 
a. Constant temperature of 40.6 oC (104.5 oF) was assigned at the inner pipe 
surface 
b. Time-dependent variable temperature was assigned at the exposed soil surface 
i. Imported time series of air temperature data which was measured 
during the laboratory experiment 
c. Time-dependent variable temperature was assigned at the exterior box wall and 
box base surfaces 
i. Imported time series box wall surface temperature data which was 
measured during the laboratory experiment 
5) Defined the location of temperature observation nodes 
a. Same as thermocouple locations in experiment 
6) Generated finite element (FE) mesh 
a. Nodes of the FE mesh automatically aligned to the previously specified 
observation nodes 
7) Specified output information 
a. An “interval output” of 60 minutes was specified, which ensured that the 
program generated temperature data for each hour at all observation nodes 
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i. Note that this data was exported from Hydrus as a space-delimited text 
(.txt) file into EXCEL for subsequent analysis 
4.4.4 Transient Experiment with Dry Sand Backfill 
The second experiment represented conventional horizontal GHE installation (no ground 
modification) and cyclic (daily) operation for buildings located in hot and arid climates. In 
particular, the HDPE pipe was buried in dry Ottawa 20-30 sand and the circulated water was 
heated to approximately 105oF in 12-hour cycles (representing cooling mode operation of the 
GCHP system during building occupancy hours).  Thus, the physical experimental setup for the 
transient experiment was identical to that of the steady-state experiment; however the circulation 
of the hot water was now cycled “ON/OFF” every 12 hours. The transient experimental procedure 
is explained in the following steps: 
1) The data logger was configured for a 5 minute scan rate and then switched “ON” 
2) The circulator was switched “ON”. The pump flow rate was set to “HIGH” and the pump 
outlet temperature was set to approximately 105 oF. (Note approximately 20-30 minutes 
elapsed while the circulator ramped up the water temperature from room temperature to 
105 oF) 
3) The hot water circulation was sustained for 12 hours 
4) The pump was then turned “OFF” and the system remained stagnant for 12 hours 
5) After 12 hours, the pump was turned back “ON” and circulation was again sustained for 
12 hours 
6) This 12 hour cycling process was repeated for the duration of 5.5 days 
7) After 5.5 days, the circulator was turned “OFF” 
8) The data logger was stopped and the temperature data was extracted 
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4.4.5 Transient Numerical Modeling with Dry Sand Backfill 
A numerical model was developed in Hydrus 2D to simulate the experimental setup of 
transient heat transfer in dry sand. The physical geometry and material properties of the transient 
model were identical to that of the previously developed steady-state numerical model. However, 
for the transient model, the initial temperature conditions and boundary temperature conditions 
were altered. The Hydrus modeling steps were as follows: 
1) Specified initial temperature conditions 
a) Based upon the temperature measurements of the soil at the beginning of the 
experiment, an initial soil temperature of 22.5 oC (72.5 oF) was specified 
b) Based upon the temperature measurements of the box walls at the beginning of 
the experiment, an initial exterior box surface temperature of 22.8 oC (73 oF) 
was specified 
2) Specified boundary temperature conditions 
a) Time-dependent variable temperature was assigned at the inner pipe surface (12 
hour pulses at approximately 105 oF) 
i. Imported the time series of water temperature data which was measured 
during the laboratory experiment 
b) Time-dependent variable temperature was assigned at the exposed soil surface 
i. Imported time series of air temperature data which was measured 
during the laboratory experiment 
c) Constant temperature of 23.5 oC (74.3 oF) was assigned at the exterior box wall 
surfaces  
i. Although this boundary condition would be better approximated by the 
measured time dependent temperature data from the experiment, 
Hydrus only allows for a maximum of two (2) time dependent 
boundary conditions. As a result, an average measured temperature was 
assigned at the exterior box wall surfaces. 
  59 
d) Like the box walls, an average measured temperature of  22.1 oC (71.8 oF) was 
assigned at the exterior box base surface  
3) Defined location of temperature observation nodes 
a) Same as thermocouple locations in steady-state model 
4) Generated finite element (FE) mesh 
a) Nodes of the FE mesh were automatically aligned to the previously specified 
observation nodes 
5) Specified output information 
a) An “interval output” of 60 minutes was specified, which ensured that the 
program generated temperature data for each hour at all observation nodes 
i. Note that this data can be exported as a space-delimited text (.txt) file 
into EXCEL for subsequent analysis 
4.5  Experimental Testing and Analysis of Modified Backfill 
The main objective of this research was to investigate the influence of improving the 
thermal properties of the backfill materials on the heat dissipation capability of horizontal ground 
heat exchangers relative to conventional backfilling conditions. Based upon existing patents for 
electric cable backfill (see Section 2.5.1), a composite paraffin wax-sand mixture was selected as 
the backfill for this research. Recall that buried electric cables produce a significant amount of 
heat during transmission due to inherent thermal resistance. Thus, it is important that the cables be 
buried in a medium which exhibits good heat dissipation capacity. Aligned to the rationale behind 
developing backfill materials and placement procedures for buried electric cable systems, the main 
objective of this research was to enhance the heat dissipation of ground heat exchangers. 
 
4.5.1 Selection of Modified Backfill 
The paraffin wax-sand backfill was selected based upon several criteria; which were 
primarily related to the material thermal properties. The composite backfill demonstrated better 
thermal conductivity and heat capacity relative to that of dry sand. Furthermore, the improved 
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backfill’s thermal properties were stable, such that the backfill would not be subject to “dry out” 
due to coupled flow and thus would not be subject to degradation in heat dissipation capacity. 
Based upon the market availability and the relative ease of creating a homogeneous 
mixture with sand in the laboratory, a liquid paraffin wax emulsion was selected as the most 
appropriate backfill additive. In particular, the Michem Emulsion 80939M nonionic paraffin wax 
emulsion, manufactured by Michelman, was used for all experimentation. The emulsion, which 
was a liquid at room temperature, contained water, a proprietary emulsifier and paraffin wax. The 
emulsion was approximately 40% solids by weight (indicating that 40% of the weight could be 
attributed to the paraffin wax particles in suspension).  See Figure 4.14: 
 
Figure 4.14: Liquid Paraffin Wax Emulsion 
Referring to the existing patents for electric cable backfill, the authors suggest between 
3%-6% paraffin wax by weight in the backfill mixture. This range of mixture ratios allows for 
optimal thermal properties and accounts for workability during placement. For this research, the 
modified backfill was composed of 4.5% paraffin wax by weight. The ratio of emulsion to sand in 
the backfill mixture was calculated from Equation 2: 
BCDEFG HI BJK
BCDEFG HI LMNDH O
BCDEFG HI PJQ
BCDEFG HI BJK  PJQ GH LMNDH RDKGMC SJGDH TU VCDEFG 
0.40 T. VJK
1 T. CLMNDH O
1 T. NJQ
0.045 T. VJK 
8.67 T. NJQ 1 T. CLMNDH*                                          . 2 
This equates to approximately 3 lbs. (1.4kg) of emulsion per 25 lbs. (11.3kg) of dry sand. 
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4.5.2 Preparation of Modified Backfill 
Preparing the wax-sand composite backfill for placement into the trench consisted of several 
steps: 
1) Each batch consisted of 50 lbs. (22.7kg) of dry Ottawa 20-30 sand combined with 6 lbs. 
of liquid paraffin wax emulsion, contained in a large metal pan 
2) The sand and wax emulsion were mixed manually with a large metal spoon until the 
mixture was homogeneous 
3) The homogeneous mixture of sand and wax emulsion was spread in the large metal pan 
such that it was approximately 2” (5cm) deep in the pan. See Figure 4.15: 
 
Figure 4.15: Sand-Paraffin Wax Mixture 
 
4) The pan was then placed in an oven to bake at approximately 215 oF (101.7oC) for a total 
of 3 hours. See Figure 4.16: 
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Figure 4.16: Baking a 50-lb. Batch of Sand-Wax Backfill in Oven 
 
a) Heating the batch of backfill ensured that the water present in the emulsion was 
removed via evaporation 
b) By removing the water from the backfill, the subsequent experimentation better 
represented the long term thermal performance of the ground heat exchanger. 
After the installation of the ground heat exchanger and placement of the backfill 
in the field, it is expected that the water would eventually migrate or evaporate 
out of the backfill region thus depositing the paraffin wax particles in the 
backfill soil matrix. 
5) In order to ensure uniform drying, the pan was removed from the oven after 2 hours and 
the backfill was mixed again manually with a large metal spoon 
6) The pan was then returned to the oven for 1 hour 
7) After drying the batch in the oven for 3 hours, the backfill was removed from the oven 
and thoroughly mixed again 
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4.5.3 Placement of Modified Backfill 
After mixing the dry sand and liquid wax emulsion then removing any water in the 
mixture by drying the batch in the oven, the composite backfill was placed in the trench. The 
trench dimensions, which define the geometry (in profile view) of the modified backfill zone, are 
shown in Figure 4.17.  
 
Figure 4.17: Backfill Zone Geometry 
 
Recall that the trench extends the entire length of the soil containment box. 
The backfill placement procedure is explained in the following steps: 
1) The pair of thermocouples which are located below the bottom of the trench zone were 
placed and covered with dry sand. See Figure 4.18: 
  64 
 
Figure 4.18: Placement of Thermocouples outside (below) Backfill Zone 
 
2) The plywood trench walls were temporarily installed. See Figure 4.19: 
 
Figure 4.19: Temporary Trench Wall Installation 
a. The plywood trench walls were marked with the elevations at which 
thermocouples should be installed. See Figure 4.20: 
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 Figure 4.20: Thermocouple Elevations Notated on Temporary Trench Walls 
 
b. The interior surfaces (surfaces facing inward toward the HDPE pipe) were 
coated with polyurethane to ensure that the wax-based backfill did not adhere to 
the plywood material  
3) The thermocouple jig, which holds the pair of horizontally-oriented thermocouples 
outside the trench zone, was installed. See Figure 21: 
 
Figure 4.21: Thermocouple Installation outside (horizontally) of Backfill Zone 
 
4) Dry sand was placed along the outside of the temporary trench walls. See Figure 4.22:  
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Figure 4.22: Placement of Dry Sand outside of Temporary Trench Walls 
 
5) After removing the wax-sand mixture from the oven and thoroughly mixing it to ensure 
homogeneity, the hot backfill mixture was placed into the trench and compacted in 1”- 1 
½” lifts. 
a. The wax-sand mixture was placed at temperatures between 120 oF (48.9oC) and 
130 oF (54.4oC). The composite backfill material was easy to handle in this 
temperature range and remained workable for proper compaction. 
b. A small wooden hand tamper was used to compact each lift. To ensure 
approximate uniform density throughout the trench, the compaction process was 
kept consistent for all placed lifts of backfill. See Figure 4.23: 
 
Figure 4.23: Small Wooden Hand Tamper used for Backfill Compaction 
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c. The hand tamper impacted the wax-sand mixture from approximately 3” 
(7.6cm) above the backfill surface at moderate effort, until soil pumping was 
determined to be minimized by visual inspection 
d. Thermocouples were placed at the appropriate elevations within the trench zone 
6) Once the elevation of compacted backfill reached the elevation which corresponds to the 
midplane of the pipe, a semi-circular groove (exactly the same size as the pipe) was 
scraped out of the compacted backfill 
a. The precise shape of the groove ensured that the backfill was in good contact 
with the pipe, especially on the underside of the pipe. See Figure 4.24: 
 
Figure 4.24: Scraping the Semicircular Groove in the Compacted Backfill 
 
7) The HDPE pipe was placed into the scraped groove. See Figure 4.25: 
 
Figure 4.25: Placement of Geothermal HDPE Pipe into Semicircular Groove 
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8) Two thermocouples (for redundancy) were epoxied on the outer surface of the pipe wall, 
near the pipe midpoint. See Figure 4.26: 
 
Figure 4.26: Installation of Thermocouples into Pipe Wall 
9) The reservoir assemblies were installed at both ends of the HDPE pipe 
10) Backfilling and compaction of 1” (2.5cm) - 1.5” (3.8cm) lifts was resumed until the top 
of the HDPE pipe was buried at a depth of 5¼” (13.3cm) 
a. Approximately 150 lbs. (68kg) of the composite backfill material was placed 
and compacted in the trench 
11) The backfill region was allowed to cool for at least 24 hours 
12) The dry sand outside of the trench region was temporarily removed 
13) The plywood trench walls were removed 
14) The dry sand was replaced outside the trench region 
4.5.4 Steady-State Experiment with Modified Backfill 
After placing and compacting the composite sand-wax backfill, the backfill was allowed to 
cool for 24-hours before any heat transfer experimentation was conducted.  Besides the initial 
backfill preparation and placement, the experimental procedure for the steady-state modified 
backfill conditions was almost identical to that of the steady-state dry sand backfill conditions. 
The experimental procedure is outlined in the following steps: 
1) The data logger was configured for a 2 minute scan rate and the scan mode was activated 
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2) The circulator was switched “ON”. The pump flow rate was set to “HIGH” and the pump 
outlet temperature was set to approximately 105 oF. (Approximately 20-30 minutes 
elapsed while the water in the 5-gallon storage tank ramped up from room temperature to 
approximately 105 oF) 
3) The hot water circulation was sustained for approximately 48 hours 
4) After 48 hours, the circulator was turned “OFF” 
5) The data logger was stopped and the temperature data was extracted 
4.5.5 Thermal Conductivity Testing of Modified Backfill 
In order to accurately model the modified backfill conditions in Hydrus, the thermal 
conductivity of the composite wax-sand backfill was measured experimentally. Based upon 
steady-state cylindrical heat conduction, the thermal conductivity was computed directly. The 
governing equation for radial conductive heat transfer in a cylindrical geometry is described by 
Equation 3: 
^  2_`a∆
ln 
              . 3 
Where Q is heat transfer rate (W), L is the height of the cylinder (m), k is thermal 
conductivity (W/m*K), T is temperature (K), and r2 and r1 are the outer and inner radii of the 
cylinder, respectively (m).  
The apparatus in the laboratory determines the inner and outer temperatures via a series 
of thermocouples, and measuring the cylinder dimensions and the electrical power being 
transferred to the heating element, the thermal conductivity can be directly determined.  
Due to the size of the resistive heaters in the lab, samples must be prepared to the 
appropriate dimensions. Traditionally, strength testing performed in the labs uses the standard 8” 
by 4” cylindrical mold for concrete strength test specimens. During the placement of the 
composite backfill into the trench, three (3) standard 8” (20.3cm) by 4” (10.2cm) cylindrical 
specimens were prepared. Each specimen was compacted with 1” lifts until the entire volume of 
the cylindrical mold was full of backfill material. Prior to modifying the three cylindrical 
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specimens for thermal conductivity testing, the density was computed for each specimen. In order 
to directly compute the density, the mass of the cylindrical specimen was measured and then 
divided by the known volume of the cylindrical mold. The average density of the specimens was 
determined to be 120 lb/ft3 (1922kg/m3). 
In order to conduct the steady-state thermal conductivity testing, the specimens cut to 7” 
(17.8cm) in height with a 1” (2.5cm) diameter hole was bored through the exact center of the 
specimen. See Figure 4.27: 
 
 
Figure 4.27: Cylindrical Backfill Specimen Prepared for Thermal Conductivity Testing 
The specimen height limitation and diameter of the bored hole are imposed by the length 
and diameter of the electric resistance heaters available in the lab. The need for the hole to be in 
the exact center arises from the need for uniform radial heat transfer for an accurate calculation of 
conductivity. 
After preparing an appropriately sized specimen, three (3) thermocouples were inserted 
into the center hole of the sample. The depth of these thermocouples was staggered as to provide 
an accurate estimate of the internal surface temperature of the specimen. See Figure 4.28: 
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Figure 4.28: Placement of Thermocouples along the Interior Surface of the Bored Hole 
Next, thermal padding was inserted into the center of the specimen. The thermal padding 
prevented air voids and ensured good contact between the heating element and the specimen. See 
Figure 4.29: 
 
 
Figure 4.29: Placement of the Thermal Padding 
After installing the thermal pad, it was important to make sure that the thermocouples 
were not pushed through the bottom of the bore hole. With the thermal padding in position, the 
cylindrical heating element was placed into the center of the specimen. See Figure 4.30: 
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Figure 4.30: Insertion of the Electrical Resistance Heating Element 
Styrofoam insulation was placed at either end of the specimen in order to ensure that heat 
is only transferred radially from the heating element, rather through the axial faces of the 
specimen. The wood top of the apparatus is then screwed down to secure the specimen. See Figure 
4.31: 
 
Figure 4.31: Placement of the Insulative Foam and Thermocouples on the Exterior Surface of the 
Specimen 
Four (4) thermocouples were then placed in contact with the outer surface of the 
specimen. The thermocouples were located at various positions as to provide an accurate average 
measurement of the exterior surface temperature of the specimen. Thermal paste was used to 
adhere the thermocouples to the exterior surface of the specimen, ensuring good thermal contact 
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and minimizing influence from the ambient environment. The metal clamps, which hold the 
thermocouples, were wedged with scrap pieces of Styrofoam to further improve thermal contact. 
The heating element was then switched “ON” and an appropriate voltage setting was 
selected. For this research, the voltage ranged between 10 and 12 volts which corresponded to a 
heating element temperature of 34oC (93oF) and 43oC (109oF) respectively. These temperatures 
provided a significant temperature gradient across the specimen, yet they did not exceed the 
melting point of the wax within the specimen. Note that the average electrical resistance for the 
heating elements was 27.7 ohms and, thus, the power output of the heating element could be 
calculated. 
After establishing the voltage setting, the LabView software was then initialized and the 
thermocouples recorded temperatures at user-specified time intervals. The experiment was 
sustained until steady-state was reached. For this research, all specimens seemed to reach stable 
steady-state conditions after 6 hours. The average internal and external surface temperatures of the 
specimen were then computed and the thermal conductivity was calculated. After testing three (3) 
backfill specimens, the average thermal conductivity of the composite material was determined to 
be 0.46 W/mK. 
4.5.6 Steady State Numerical Analysis of Modified Backfill 
A numerical model was developed in Hydrus 2D to simulate the experimental setup of steady-
state heat transfer for the pipe buried in the wax-sand composite backfill. After undergoing the 
baking process mentioned in Section 3.5.2, it was assumed that all water was removed from the 
backfill and thus the corresponding Hydrus model only simulated the heat transport process. 
Relative to the previously specified numerical model which simulated heat dissipation in dry sand 
conditions, only a few alterations were made to the model to account for the ground modification 
around the buried pipe. Namely, due to uncertainty regarding the thermal contact between in the 
pipe and the surrounding soil in the experimental setup, the concept of contact resistance was 
simulated in the numerical model. The Hydrus modeling steps were as follows: 
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1) Specified the geometry of the backfill cross-section and of the contact film around the 
buried pipe 
c) The backfill zone, 6 5/8” (16.8cm) wide by 9 5/8” (24.5cm) deep, was specified 
d) The contact film, 1/16” (0.15cm) thick around the buried pipe, was specified 
2) Defined the material properties of the wax-sand composite backfill and the contact film 
a. The moisture content of all model components was specified as 0%. (No 
moisture migration was simulated) 
b. Porosity, thermal conductivity and volumetric heat capacity wax-sand composite 
backfill 
i. Porosity = f#'gh%%  f'ij  fk'l/f#'gh%% 
f#'gh%%   nHNN fHMLC HI C?F  fHMLC HI oDpC  
6 -q ” O 9
-
q O 35"   _ O 1.66"/2 O 35" = 2,156 in3   
f'ij  -+ %#.u #'gh%% @%'gvj O=-.-% 'ij #x kvhy(zvih(x u &$'()  = 
-+ %#.O=-.-%
+.+=-6 %# hi{*

1,496.9 D,  
fk'l  -+ %#.u #'gh%% @%'gvj O5.-% k'l #x kvhy(zvih(x u @''hi 
-+ %#.O5.-%
+.+,- %# hi{*

207.7 D,  
oHHNDGU HI TJ?aID  0.21 
ii. Thermal Conductivity of Wax-Sand Backfill = 0.46 |}>~ (from Section 
3.5.5) 
iii. Volumetric Heat Capacity of (Solid Phase) Wax-Sand Backfill = 
.7089:;> g,7089:;O83 .898> g,898O898
83898  =  
2.25 J/cm3*oC 
c. Porosity, thermal conductivity and volumetric heat capacity of contact film 
i. Assumed porosity = 0% 
ii. Thermal conductivity was altered in an iterative manner to provide best 
agreement with experimental results (see Appendix A) 
  75 
iii. Assumed volumetric heat capacity = 0 J/cm3*oC 
3) Specified initial temperature conditions 
a. Based upon the temperature measurements of the soil measured at the beginning 
of the experiment, an initial soil temperature of 26.7 oC (80.1 oF) was specified 
b. Based upon the temperature measurements of the pipe measured at the 
beginning of the experiment, an initial pipe temperature of 32.2 oC (90.0 oF) was 
specified 
c. Based upon the temperature measurements of the box walls measured at the 
beginning of the experiment, an initial exterior box surface temperature of 25.1 
oC (77.2 oF) was specified 
4) Specified boundary temperature conditions 
a. Constant temperature of 41.6 oC (106.9 oF) was assigned at the inner pipe 
surface 
b. Time-dependent variable temperature was assigned at the exposed soil surface 
i. Imported time series of air temperature data which was measured 
during the laboratory experiment 
c. Time-dependent variable temperature was assigned at the exterior box wall and 
box base surfaces 
i. Imported time series box wall surface temperature data which was 
measured during the laboratory experiment 
5) Defined the location of temperature observation nodes 
a. Same as thermocouple locations in experiment (which were identical to all 
analyses of dry sand backfill) 
6) Generated finite element (FE) mesh 
a. Nodes of the FE mesh automatically aligned to the previously specified 
observation nodes 
7) Specified output information 
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a. An “interval output” of 60 minutes was specified, which ensured that the 
program generated temperature data for each hour at all observation nodes 
i. Note that this data was exported from Hydrus as a space-delimited text 
(.txt) file into EXCEL for subsequent analysis 
4.5.7 Transient Experiment with Modified Backfill 
In addition to steady-state experimentation, transient experimentation was also conducted for 
modified backfill conditions. The physical experimental setup for the transient experiment was 
identical to that of the steady-state experiment; however the circulation of the hot water 
(approximately 105 oF) was now cycled “ON/OFF” every 12 hours. The transient experimental 
procedure is explained in the following steps: 
1) The data logger was configured for a 5 minute scan rate and then switched “ON” 
2) The circulator was switched “ON”. The pump flow rate was set to “HIGH” and the pump 
outlet temperature was set to approximately 105 oF.(Note approximately 20-30 minutes 
elapsed while the circulator ramped up the water temperature from room temperature to 
105 oF) 
3) The hot water circulation was sustained for 12 hours 
4) The pump was then turned “OFF” and the system remained stagnant for 12 hours 
5) After 12 hours, the pump was turned back “ON” and circulation was again sustained for 
12 hours 
6) This 12 hour cycling process was repeated for the duration of 3.5 days 
7) After 3.5 days, the circulator was turned “OFF” 
8) The data logger was stopped and the temperature data was extracted 
4.5.8 Transient Numerical Analysis of Modified Backfill 
A numerical model was developed in Hydrus 2D to simulate the experimental setup of 
transient heat transfer in modified backfill. The physical geometry and material properties of the 
transient model were identical to that of the previously developed steady-state numerical model. 
However, for the transient model, the initial temperature conditions and boundary temperature 
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conditions were altered. As in the steady-state numerical model, the thermal conductivity of the 
contact film at the pipe-backfill interface was iteratively altered to yield the best agreement 
between the experimental and simulated temperature profiles (see Appendix A). The Hydrus 
modeling steps were as follows: 
1) Specified initial temperature conditions 
a) Based upon the temperature measurements of the soil measured at the beginning 
of the experiment, an initial soil temperature of 23.9 oC (75 oF) was specified 
b) Based upon the temperature measurements of the box walls measured at the 
beginning of the experiment, an initial exterior box surface temperature of 25 oC 
(77 oF) was specified 
2) Specified boundary temperature conditions 
a) Time-dependent variable temperature was assigned at the inner pipe surface (12 
hour pulses at approximately 105 oF) 
i. Imported the time series of water temperature data which was measured 
during the laboratory experiment 
b) Time-dependent variable temperature was assigned at the exposed soil surface 
i. Imported time series of air temperature data which was measured 
during the laboratory experiment 
c) Constant temperature of 26 oC (78.8 oF) was assigned at the exterior box wall 
surfaces  
i. Although this boundary condition would be better approximated by the 
measured time dependent temperature data from the experiment, 
Hydrus only allows for a maximum of two (2) time dependent 
boundary conditions. As a result, an average measured temperature was 
assigned at the exterior box wall surfaces. 
d) Like the box walls, an average measured temperature of  24.9 oC (76.8 oF) was 
assigned at the exterior box base surface  
3) Defined location of temperature observation nodes 
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a) Same as thermocouple locations in steady-state model 
4) Generated finite element (FE) mesh 
a) Nodes of the FE mesh were automatically aligned to the previously specified 
observation nodes 
5) Specified output information 
a) An “interval output” of 60 minutes was specified, which ensured that the 
program generated temperature data for each hour at all observation nodes 
i. Note that this data can be exported as a space-delimited text (.txt) file 
into EXCEL for subsequent analysis 
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Chapter 5 
RESULTS AND ANALYSIS 
One of the primary objectives of this research was to validate the accuracy of widely-
used soil heat transfer modeling software, thus justifying its potential use in the design of GHEs 
for GCHP systems. In this case, experimental (spatial and temporal) temperature data was 
compared with simulated (spatial and temporal) temperature data from Hydrus 2D software. The 
predictive capability of Hydrus was evaluated for both dry sand and wax-sand composite 
backfilling conditions, during both steady-state and transient (cyclic) heat dissipation modes. 
5.1 Comparison of Simulated and Experimental Temperatures in Dry Sand Backfill 
Initially, the Hydrus modeling software was used to predict temperatures around the 
buried GHE pipe for dry sand backfill conditions. The comparisons of experimental and simulated 
temperatures, for both steady-state and transient modes of heat dissipation, at and around the 
buried GHE pipe are presented in Figures 5.1-5.6: 
 
Figure 5.1: Temperature Profile above Pipe buried in Dry Sand at Steady-State 
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Figure 5.2: Temperature Profile below Pipe buried in Dry Sand at Steady-State 
 
Figure 5.3: Temperature Profile laterally from Pipe buried in Dry Sand at Steady-State 
 
Figures 5.1-5.3 assemble measured and simulated results for the steady-state case for 
three sets of four thermocouples (above pipe, below pipe and laterally from pipe). Approximately 
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12 hours elapsed before steady-state was reached by the buried GHE pipe dissipating heat to dry 
sand backfill. Furthermore, it is apparent that the temperature profile above the buried GHE pipe 
never truly reaches a steady-state condition due to the variability of the ambient temperatures at 
the soil surface. Overall, the simulated steady-state temperatures from Hydrus software indicated 
good agreement with the experimental temperature data. Specifically, the simulated steady-state 
temperature data was consistently within 1-2oF of the measured temperature data.  
The Hydrus software was also used to predict the spatial and temporal soil temperatures 
in dry sand backfill under transient (cyclic) operation of the GHE. See Figures 5.4-5.6: 
 
Figure 5.4: Transient Temperature Profile above Pipe Buried in Dry Sand 
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Figure 5.5: Transient Temperature Profile below Pipe Buried in Dry Sand 
 
Figure 5.6: Transient Temperature Profile Laterally from Pipe Buried in Dry Sand 
 
Similar to the steady-state data, Figures 5.4-5.6 indicate that there are some minor 
discrepancies between the predicted spatial and temporal temperatures from the Hydrus model and 
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the measured experimental spatial and temporal temperature data from the experiment. 
Specifically, the Hydrus model seemed to over predict the soil temperatures during the transient 
phase, indicating that the initial calculated (which was assumed for the simulation) volumetric heat 
capacity of the dry sand could have been slightly less than the actual field conditions. In addition, 
the in-situ density (as reflected by the porosity) could have been slightly higher than initially 
estimated. Also, recall that the thermal conductivity of the dry sand is dependent upon the bulk 
density of the soil formation (Johansen, 1975). 
Thus, to achieve better agreement between the simulated and experimental temperature 
data for the GHE pipe buried in dry sand under transient (cyclic) operating conditions, model 
calibration involving realistic adjustment of sand thermal properties was investigated. In 
particular, the volumetric heat capacity and the density (as reflected by both the porosity and the 
thermal conductivity) were parametrically studied. To quantify the effect of the parameter 
alterations, the root mean square error (RMSE) between the predicted Hydrus temperature data 
and the measured experimental data was computed for both steady-state and transient conditions. 
See Table 5: 
 
Table 5: Parametric Study of Dry Sand Backfill 
 
The calculated RMSE values indicate the aggregate error of all thermocouples placed in the soil 
and the thermocouple embedded in the pipe wall. The steady-state RMSE was calculated from the 
average residuals between hour 15 and hour 20 of the logging interval (see Figures 5.1-5.3), as the 
temperature measurements seemed to have stabilized during this time interval. The transient 
` Steady State Transient
Hour 15-20 Hour 24-48
Porosity
Sand Thermal 
Conductivity (W/mK)
Volumetric Heat Capacity of 
Solid Phase (J/cm
3
C) RMSE (
o
F) RMSE (
o
F)
0.47 0.2 2.2 1.47 1.12
(Initial Calculated Conditions) 0.41 0.24 2.2 1.4 1.09
0.41 0.24 2.4 1.35 1.02
0.41 0.24 2.7 1.32 0.94
0.35 0.26 2.2 1.4 1.04
0.35 0.26 2.4 1.37 0.97
0.35 0.26 2.7 1.36 0.9
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RMSE was calculated from the residuals between hour 24 and hour 48 of the logging interval (see 
Figures 5.4-5.6), as this interval includes the entirety of a pulse cycle. 
Although this exercise was useful in determining the relative influence of the model 
parameters, engineering judgment was used to assume the most realistic and probable conditions. 
Recall that the Ottawa 20-30 sand used in the experiment is composed of 99.8% quartz, which 
demonstrates well-defined and predictable material properties. As a result, underestimating the 
volumetric heat capacity of the solid phase (quartz) by a factor of 10% was unlikely. However, 
underestimating the in-situ density of the sand was a greater possibility. Consequently, a scenario 
where the porosity=0.35 and the thermal conductivity=0.26 W/mK could be a viable alternative to 
the initial calculated conditions. Modifying the model parameters accordingly yields negligible 
improvement in predictive performance, as indicated by the RMSE. Without any notable reduction 
in RMSE due to reasonable model parameter adjustment, the initial calculated dry sand thermal 
properties (porosity=0.41, k=0.24 W/mK, vcp=2.2 J/cm3C) were determined to best describe actual 
in-situ conditions and were retained within the Hydrus model for all subsequent analysis.  
5.2 Comparison of Simulated and Experimental Temperatures in Wax-Sand Backfill 
The dry sand backfill conditions represented the typical soil environment of GHEs buried 
in a hot and arid location, where the water table exists deep below the soil surface. Thus, to 
improve the heat dissipation capacity of the GHE in such cases, the trench was backfilled with a 
wax-sand composite material, which featured higher (measured) thermal conductivity and greater 
(calculated) volumetric heat capacity relative to dry sand. In addition, the composite wax-sand 
backfill featured enhanced thermal properties which were stable over the lifetime of the GCHP 
system (not subject to degradation during prolonged cooling mode operation due to coupled flow).  
As with the dry sand backfill conditions, the Hydrus modeling software was used to 
predict temperatures around the buried GHE pipe for wax-sand composite backfill conditions. The 
comparisons of experimental and simulated temperatures, for steady-state heat dissipation, at and 
around the buried GHE pipe are presented in Figures 5.7-5.9: 
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Figure 5.7: Temperature Profile Above Pipe Buried in Wax-Sand Backfill at Steady-State 
 
Figure 5.8: Temperature Profile Below Pipe Buried in Wax-Sand Backfill at Steady-State 
70
75
80
85
90
95
100
105
110
0 5 10 15 20 25 30 35 40 45
Te
m
p
e
ra
tu
re
 (F
)
Hours during Logging Interval
Steady-State Temperature Profile above Pipe vs. Time
for Wax-Sand Composite Backfill
Air Temp
4.75" above Pipe
3.75" above Pipe
2.25" above Pipe
1" above Pipe
Pipe Wall
Water Temp
Simulated Pipe Wall
Simulated 1" Above Pipe
Simulated 2.25" above Pipe
Simulated 3.75" above Pipe
Simulated 4.75" above Pipe
70
75
80
85
90
95
100
105
110
0 5 10 15 20 25 30 35 40 45
T
e
m
p
e
ra
tu
re
 (
F
)
Hours during Logging Interval
Steady-State Temperature Profile below Pipe vs. Time
for Wax-Sand Composite Backfill
Water Temp
Pipe Wall Temp
0.5" below Pipe
1.75" below Pipe
3.25" below Pipe
4.25" below Pipe
Simulated 4.25" below Pipe
Simulated 3.25" below Pipe
Simulated 1.75" below Pipe
Simulated 0.5" below Pipe
Simulated Pipe Wall
  86 
 
Figure 5.9: Temperature Profile Laterally from Pipe Buried in Wax-Sand at Steady-State 
 
As shown in Figures 5.7-5.9, approximately 30 hours elapsed before steady-state was 
reached by the buried GHE pipe dissipating heat to sand-wax composite backfill. Like the steady-
state experiment with dry sand backfill, it is apparent that the temperature profile above the buried 
GHE pipe never truly reaches a steady-state condition due to the variability of the ambient 
temperatures at the soil surface.  
The Hydrus software was also used to predict the spatial and temporal soil temperatures 
in composite wax-sand backfill under transient (cyclic) operation of the GHE. See Figures 5.10-
5.12: 
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Figure 5.10: Transient Temperature Profile Above Pipe Buried in Wax-Sand 
 
Figure 5.11: Transient Temperature Profile Laterally from Pipe Buried in Wax-Sand 
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Figure 5.12: Transient Temperature Profile Below Pipe Buried in Wax-Sand 
 
Overall, the simulated temperatures (in all spatial orientations and for both steady-state 
and transient conditions) from Hydrus software indicated relatively poor agreement with the 
experimental temperature data, especially at the outer surface of the pipe and at the temperature 
profile above the buried GHE. The discrepancies between the modeled and measured temperatures 
appear to be significantly greater with the wax-sand composite backfill as compared to the dry 
sand backfill.  
 
5.3 Validation of In-Situ Backfill Material Properties 
 
Initially, it was suspected that the large discrepancies between the simulated and 
measured temperature data could be attributed to significant differences between the model-
specified backfill properties (i.e. moisture content and density) and the in-situ properties. Recall 
that the backfill was originally assumed to contain 0% moisture. Furthermore, the thermal 
conductivity of the backfill (0.46 W/mK) measured in the laboratory testing corresponded to an 
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average specimen density of 120 lb/ft3 (1922 kg/m3). Any deviation from these initial assumptions 
could have resulted in the observed model inaccuracies when predicting the actual field 
conditions. 
 
5.3.1 Measurement of In-Situ Moisture Content 
 
 Previously, after baking the backfill mixture for 3 hours, it was assumed that all water 
(which was embodied in the liquid emulsion) was evaporated from the mixture. To verify the the 
initial assumption of a completely “dry” backfill, the in-situ moisture contents were measured at 
three (3) locations in the backfill cross section: at the top of the trench, at mid-depth and at the 
bottom of the trench. See Figure 5.13: 
 
Figure 5.13: Backfill Moisture Content Sampling Locations 
 
 Each sample was extracted from the backfill and the initial weight was measured. After 
weighing each sample, the samples were placed in an oven set at 105oC and baked for 5 days. 
Then, the samples were removed from the oven and weighed again. Any reduction in mass could 
Sample #1 
Sample #2 
Sample #3 
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be attributed to the removal of moisture from the backfill. However, the moisture content was 
determined to be less than 1% for all three samples. Consequently, the initial backfill material can 
be assumed to have been indeed “dry”. 
 
5.3.2 Measurement of In-Situ Density 
 
 Recall that the thermal conductivity of the backfill is dependent upon the density after 
compaction. The thermal conductivity of the backfill measured in the laboratory was 0.46 W/mK, 
which corresponded to a compacted specimen density of approximately 120 lb/ft3 (1922 kg/m3). 
Thus, for the laboratory measured thermal conductivity to be valid in the experimental setup, it 
was important to verify that the in-situ backfill was compacted to approximately 120 lb/ft3 (1922 
kg/m3).  
 A modified sand cone test was conducted to measure the in-situ density of the backfill. 
See Figure 5.14: 
 
Figure 5.14: Sand Cone Test 
 First, two (2) corings were made through the top of the backfill zone. All of the cored contents 
were removed from each hole and weighed. Then, the holes were lined with household plastic 
wrap.  Using a pluviation device, a calibrated sand (in this case, Ottawa 20-30 sand) was dropped 
from 6” into the lined holes at 96% relative density (corresponding to a density of 110 lb/ft3 (1754 
kg/m3)) until the holes were completely full with sand. After pluviating the sand into the holes, the 
plastic wrap was removed from each hole and the sand retained in the plastic wrap was weighed 
for each hole separately. The volume of each of the cored holes was determined by dividing the 
Cored Hole 
Pluviation of Calibrated Sand 
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measured mass of the sand pluviated into each hole by the known 96% relative density. Finally, 
the in-situ density of the compacted backfill was calculated by dividing the measured mass of the 
cored material by the volume of the hole. Based upon the two modified sand cone tests, the 
average in-situ density of the backfill was computed to be approximately 118.5 lb/ft3 (1898 
kg/m3). This value was very close (within 1%) to the measured density of the specimens prepared 
for the thermal conductivity testing. As a result, the measured thermal conductivity in the 
laboratory (0.46 W/mK) was also valid for the field conditions and can be eliminated as a source 
for the discrepancy between measured and simulated data. 
 
5.4 Investigating the Stability of Backfill Thermal Properties 
 
 To further validate the in-situ properties and investigate the consistency of the overall 
thermal behavior of the wax-sand composite backfill, the steady-state experiment was repeated for 
a second time. Specifically, this second experiment was conducted to determine if the thermal 
properties of the backfill had changed over time, possibly due to dry out and/or due to thermal 
deformation at the pipe-backfill interface (from expansion and contraction of either the pipe or the 
backfill, or both). This second experiment was conducted approximately 3 weeks after the first 
steady state experiment with the modified backfill and was conducted approximately 4 weeks after 
the backfill placement/compaction. The comparison of the temperature profiles (for the three sets 
of four thermocouples) from both experiments are shown in Figures 5.15-5.17: 
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Figure 5.15: Comparison of Measured Steady-State Temperature Profile Below Buried Pipe 
 
Figure 5.16: Comparison of Measured Steady-State Temperature Profile Laterally from Pipe 
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Figure 5.17: Comparison of Measured Steady-State Temperature Profile Above Buried Pipe 
 
As shown in Figures 5.15-5.17, the temperature profiles from both experiments are essentially 
identical, however the second experiment seems to be shifted upward due to a higher circulated 
water temperature relative to the first experiment. Most importantly, the temperature gradients 
measured between the thermocouples during the second experiment closely match that of the first 
experiment. As a result, it can be concluded that the thermal properties of the backfill are fairly 
stable over time and the backfill material properties in the numerical model do not need to be 
adjusted. 
 
5.5 Calibration with Contact Resistance 
 
Based upon the difficulty in ensuring good thermal contact between the pipe and the 
adjacent backfill during the placement/compaction process as well as the literature review 
(particularly (Svec et al., 1983)), it was hypothesized that contact resistance need perhaps be 
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introduced to the system and that the discrepant results could be at least partially attributed to such 
phenomenon. Thus, to achieve better agreement between the experimental and simulated data, a 
contact resistance (as described in (Svec et al., 1983)) was introduced in the simulated model at 
the pipe-backfill interface. See Figure 5.18: 
 
Figure 5.18: Location of Contact Film at Pipe-Backfill Interface 
Such a contact resistance could have resulted from non-uniform compaction around the 
pipe, leaving air gaps along the exterior surface of the pipe. This was most likely to occur along 
the underside of the pipe, where imprecision in the scraped groove (essentially a mismatch 
between the contour of the pipe and the groove itself) resulted in poor thermal contact with the 
backfill. In addition to the contact resistance at the pipe-backfill interface, an additional contact 
resistance was also hypothesized to exist at the backfill-native soil formation interface. See Figure 
5.19: 
Contact Film at 
Pipe-Backfill 
Interface 
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Figure 5.19: Location of Contact Film at Backfill-Formation Interface 
 
Note that the contact films were modeled in Hydrus as 1/16” thick, solid material of 
uniform thermal conductivity with zero volumetric heat capacity. This seemed to be the smallest 
material thickness at which Hydrus could numerically model heat transfer through. Overall, the 
contact film was negligible in size relative to other components of the system, yet the temperature 
profiles were responsive to alterations of the contact film conductivity. 
A series of iterative Hydrus simulations were generated to determine the respective 
magnitudes of the aforementioned contact film thermal conductivities which corresponded to the 
best agreement between the model predicted and experimental measured temperatures. As with the 
dry sand analyses, the RMSE parameter was used to quantify the predictive performance of the 
particular model configuration. See Appendix A for a tabular compilation of the model calibration 
in terms of RMSE.  
 
 
 
Contact Film at 
Backfill-Formation 
Interface 
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5.6 Comprehensive Error Analyses and Selection of “Best-Fit” Model 
 
 For all model iterations, several measures of RMSE were computed to investigate how 
altering the contact film thermal conductivities affected different sections of the temperature 
profile. The steady-state RMSE values were calculated from the average model residuals between 
hour 35 and hour 40 of the logging interval (a time interval when the temperature measurements 
had stabilized). The transient RMSE values were calculated between hour 24 and hour 48 of the 
logging interval (a time interval which included an entire pulse cycle). In particular, four (4) 
values of RMSE were computed for both the steady-state and the transient conditions, resulting in 
a total of eight (8) RMSE values for each model configuration: 
a) Total RMSE at Steady-State 
i. This RMSE value includes the model residuals at all thermocouples 
within the soil and at the thermocouple embedded in the pipe wall. 
b) RMSE at Steady-State for Pipe 
i. This RMSE value only included the model residuals for the 
thermocouple embedded in the pipe wall. 
c) RMSE at Steady-State for Thermocouples Below and Horizontally from the 
Pipe 
i. This RMSE value only included the model residuals for the 
thermocouples below and laterally from the pipe 
d) RMSE at Steady-State for Thermocouples Below and Horizontally from the 
Pipe within the Trench 
i. This RMSE value only included the model residuals for the 
thermocouples below and laterally from the pipe, within the backfill 
trench zone. 
e) Total RMSE for Transient Conditions 
f) RMSE for Transient Conditions at Pipe Wall 
g) RMSE for Transient Conditions Below and Horizontally from the Pipe Wall 
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h) RMSE for Transient Conditions Below and Horizontally from the Pipe within 
the Trench 
Using several sets of RMSE data from Appendix A, RMSE trend plots have been 
assembled to further aid in selecting the most optimal model configuration. While Figure 5.20 
pertains to results for a single contact film at the pipe-backfill interface, Figures 5.21-5.23 are for 
dual contact film case assuming different values of backfill thermal conductivity: 
 
Figure 5.20: RMSE Trend Plot for Single Contact Film Configuration 
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Figure 5.21: RMSE Trend Plot for Dual Contact Film Configuration, with 0.01 W/mK Pipe-
Backfill Film Thermal Conductivity 
 
Figure 5.22: RMSE Trend Plot for Dual Contact Film Configuration, with 0.05 W/mK Pipe-
Backfill Film Thermal Conductivity 
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Figure 5.23: RMSE Trend Plot for Dual Contact Film Configuration, with 0.1 W/mK Pipe-
Backfill Film Thermal Conductivity 
Based upon Figures 5.20-5.23 and Appendix A, note that the model accuracy is best 
improved by assuming only a single contact film (thermal conductivity = 0.01 W/mK) at the pipe-
backfill interface or applying two contact films, one at the pipe-backfill interface and the second at 
the backfill-formation interface (thermal conductivity= 0.01 W/mK and thermal conductivity = 0.2 
W/mK, respectively). By incorporating the contact film(s), the overall accuracy of the numerical 
model can be improved by approximately 0.5oF. However, the model accuracy improvement was 
essentially identical for the single contact film and dual contact film configurations; hence there is 
no incentive to assume a more complex model by including a contact film at the backfill-
formation interface. As a result, it seems that a single contact film at the pipe-backfill interface is 
adequate for proper calibration of the GHE model. 
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5.6.1 Unresolved Error above the Buried GHE 
 
After calibrating the model by including a contact resistance at the pipe-backfill interface, 
significant discrepancies between the numerical model and measured data still existed at the pipe 
wall and in the backfill above the buried pipe. Unfortunately, there was not an obvious logical 
explanation for such significant discrepancies at the pipe wall and at the temperature measurement 
locations above the buried pipe. 
For the optimal model configuration, the RMSE value for the pipe wall was 
approximately 3.5oF. For the wax-sand backfill experiments, two (2) thermocouples were 
embedded into the pipe wall (as a means for redundant measurements) and both thermocouples 
recorded nearly identical temperature information. Due to the inherent redundancy, the likelihood 
that both of these thermocouples were installed improperly was highly improbable and, 
consequently, the experimental measurements of the pipe wall temperature can be assumed to 
accurately capture the thermal behavior of the pipe wall. However, if both thermocouples were 
completely encapsulated in epoxy and were not in good contact with the outer surface of the pipe, 
the recorded pipe wall temperatures could have drastically underestimated the actual pipe wall 
temperatures. This could explain for the lower temperature measurements at the pipe wall than 
those predicted by the simulation model. 
Note that the model residuals for the thermocouples above the pipe were not included in 
most of the computed RMSE values. The agreement between the numerical model and the 
measured data was the poorest at the thermocouple locations above the pipe. The calibrated model 
residuals for the temperature profiles below and horizontally from the pipe ranged from 1.5oF to 
3oF, whereas the calibrated model residuals for the temperature profile above the pipe ranged from 
5oF to 10oF.  
Recall that the Hydrus numerical model for dry sand backfill provided good agreement 
with the measured experimental data and the total RMSE for the dry sand model was less than 
1.5oF. Based upon the good predictive performance of Hydrus model for dry sand backfill, an 
identical numerical modeling strategy was adopted for the wax-sand composite backfill setup. 
Thus, with a consistent modeling strategy between both backfill conditions, it seems unreasonable 
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to assume that some gross error exists in one numerical model while not in the other numerical 
model. 
First and foremost, the contact resistance at the pipe-backfill interface was modeled as a 
thin circular film, which was uniform around the entire outer circumference of the pipe. In reality, 
good compaction would likely to be better achieved above the pipe and the contact resistance 
could be considered to be negligible along the top surface of the pipe. However, due to 
imprecision in placing the pipe into the scraped groove, contact resistance along the sides and 
bottom surface of the pipe was more likely to be an important factor. Thus, by assuming a uniform 
contact resistance around the pipe in the numerical model could partially explain for the under 
prediction of the temperatures measured above the pipe. 
 As discussed previously, the in-situ backfill properties were measured and verified 
within the numerical model. However, the backfill properties may not be uniform throughout the 
entire cross section. Perhaps, some moisture was trapped in the backfill just above the pipe, which 
would locally increase the thermal conductivity and volumetric heat capacity of the backfill. This 
would explain the elevated temperatures measured during the experiment relative to the modeled 
temperatures, which assumed a completely dry backfill. In addition, the compaction process could 
have shifted the thermocouples from the expected locations (which correspond to the locations of 
the temperature observation nodes in the numerical model) to locations which were closer to the 
buried pipe. This would also explain higher measured temperatures than those which were 
modeled. 
 
5.7 Relative Improvement of Heat Dissipation with Backfill Modification 
 
 In addition to developing a modeling strategy for GHEs with (or without) backfill 
modification, another objective of this research was to investigate alternative improvement in heat 
dissipation from the GHE due to backfill modification. However, since the buried GHE in the 
experimental setup was only 3 feet long, no significant gradient in the circulated water 
temperature was measured between the inlet and outlet of the GHE. Thus, the heat dissipated into 
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the backfill could not be directly calculated. Nonetheless, based on the relative comparison 
between steady-state temperature profiles for both dry sand and wax-sand composite backfill, a 
qualitative analysis of the improvement in heat dissipation capacity can be conducted. See Figures 
5.24-5.26: 
 
Figure 5.24: Steady-State Temperature Profiles Below Buried Pipe for both Dry Sand and Wax-
Sand Backfill 
 
Figure 5.25: Steady-State Temperature Profiles Laterally from Buried Pipe for both Dry Sand and 
Wax-Sand Backfill 
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Figure 5.26: Steady-State Temperature Profile Above Buried Pipe for both Dry Sand and Wax-
Sand Backfill 
 
As shown in Figures 5.24-5.26, the composite wax-sand backfill was a much better thermal 
conductor than the dry sand backfill. More specifically, the wax-sand backfill more readily 
dissipated the heat from the buried GHE and thus the gradient between the circulated water 
temperature and the soil temperatures was much less than that of the dry sand. The relative 
improvement in heat dissipation capacity can be quantified by dividing the temperature gradient 
between the circulated water temperature and the second furthest soil temperature from the pipe 
for the dry sand backfill conditions by the temperature gradient between the circulated water 
temperature and the second furthest soil temperature from the pipe for the wax-sand backfill 
conditions. The second furthest soil temperature is used because it is somewhat isolated from 
instability caused by fluctuating boundary conditions. See Figure 5.27: 
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Figure 5.27: Example of Temperature Gradients Used to Calculate the Relative Improvement in 
Heat Dissipation Capacity 
The relative improvement in heat dissipation capacity can be calculated using Equation 4: 
CJG QDNNDpJGDH DLpHCLCG %   ∆k#∆j                          . 4 
Based upon calculated values for all three temperature profile orientations (above, below and 
laterally), it was determined that the wax-sand composite backfill could result in a 50-60% 
improvement in heat dissipation from the GHE. This is consistent with the ratio of the thermal 
conductivity of the dry sand backfill (0.24 W/mK) to the thermal conductivity of the wax-sand 
composite backfill (0.46 W/mK), which is approximately 52%. 
 Both the physical limitations of the laboratory scale experimental setup and the restrictive 
two dimensional numerical modeling only allow for a rudimentary comparison of the heat 
dissipation capacity between the dry sand and wax-sand composite backfills. It would have been 
advisable to perform field scale experiments, where the backfilled GHE is of appreciable length, 
so as to more accurately quantify the heat transfer within the GHE system. Furthermore, software 
with three-dimensional numerical modeling capabilities (as the temperature gradient of the 
working fluid between the GHE inlet and outlet could be explicitly simulated) would also be 
helpful in validating the heat dissipation enhancement associated with backfill modification. 
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Chapter 6 
SUMMARY, CONCLUSIONS AND FUTURE WORK 
6.1 Summary 
 
This research was conducted to justify the importance of measuring the in-situ performance of 
GHEs, to validate the accuracy of existing geothermal modeling software, to ascertain how best to 
formulate the simulation model in terms of important effects and to understand the potential 
improvement in heat transfer associated with ground modification around the GHE. The overall 
intent of this research was to remove some of the uncertainty in predicting the thermal behavior of 
GHEs and to determine the enhancement in the cooling performance of GHEs via improved 
backfilling techniques, especially in horizontal GCHP systems located in hot and arid climates.  
This research embodied several experiments which measured the thermal profiles around the 
buried GHE for both steady-state conditions and transient (cyclic) operation, for both dry sand and 
wax-sand composite backfill scenarios. In addition, a strategy was developed, using the Hydrus 
geothermal software, to accurately numerically model (predict) the temperature profiles around the 
buried GHE for both steady-state and transient heat dissipation, for both of the aforementioned 
backfill scenarios. For the wax-sand backfilling scenario, the numerical models developed with 
Hydrus were then calibrated by the inclusion of contact films at either the pipe-backfill interface 
or backfill-formation interface, or both. Based upon a series of RMSE parameters, an overall 
“best fit” model was selected and the associated improvement in heat dissipation was 
computed. 
6.2 Conclusions 
 
Based upon the exhaustive experimental regime and the corresponding thorough numerical 
modeling, several relevant conclusions were formulated: 
• The Hydrus numerical modeling software can accurately predict the temperature profiles 
around a horizontal GHE buried in dry sand, and thus can be considered a useful tool in 
estimating the heat dissipation capacity of GHEs buried in dry granular soils. 
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• The Hydrus modeling software did not accurately predict the temperature profiles around 
a horizontal GHE buried in wax-sand composite backfill and thus would not be 
considered a useful tool in estimating the heat dissipation capacity of GHEs buried in 
such backfill. This lack of accuracy may also exist for other stabilized (concrete, grout, 
etc.) backfilling conditions. More work is required to understand the reasons for this lack 
of accuracy. 
• To appropriately calibrate the numerical model for a horizontal GHE buried in a 
stabilized backfill, such as wax-sand composite backfill, a contact resistance term should 
be included at the GHE-backfill interface. The contact resistance could likely be 
attributed to improper compaction of the backfill in the immediate vicinity of the GHE. 
• Backfill material is a significant determinant of the overall heat dissipation capacity of 
the horizontal GHE. Installing horizontal GHEs with enhanced, stabilized backfill could 
be especially beneficial in improving the cooling performance of GCHP systems located 
in hot and arid climates. 
• Based upon preliminary analysis of two-dimensional temperature profiles, the wax-sand 
backfill dissipates approximately 50-60% more heat than the dry sand backfill. This 
could be primarily attributed to the increased composite backfill thermal conductivity 
relative to that of dry sand. 
6.3 Recommendations for Future Work 
Although this research was a comprehensive investigation of the modeling strategies and of 
the backfill techniques for horizontal GHEs operating in the heat dissipation mode, a considerable 
amount of work must still be done to improve the overall design of GCHP systems. In the future, 
it is recommended that: 
• Three-dimensional numerical modeling should be performed to better quantify the heat 
dissipation of horizontal GHEs, as both the inlet and outlet temperatures of the working 
fluid can be simulated. 
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• An alternative numerical modeling software, should be utilized to simulate GHE 
performance to determine if the problem is the software itself or the properties and 
boundary conditions input to the software. This may provide insight into the deficiencies 
of HYDRUS or, if the simulated results are identical to that of HYDRUS, it may validate 
error in the input properties and boundary conditions. 
• Thermal performance models of the combined building and HVAC systems should be 
developed to determine the effect of the GHE backfill material on the COP of the GCHP. 
• Field measurements of full-scale GHE systems should be conducted to further validate 
laboratory scale experimentation and numerical modeling strategies. Field measurements 
would better capture the influence of realistic boundary conditions (especially at the soil 
surface), and would better describe the thermal interaction with adjacent GHEs. 
Furthermore, full-scale experimental setups would allow for more realistic GHE 
installation, particularly in terms of backfill placement and compaction. 
• Whether under laboratory-scale or full-scale experimentation, it is recommended that 
instrumentation which measures temperature and soil moisture content be installed in the 
system. As the thermal properties of soil are highly dependent on moisture content, it is 
important to measure this parameter. These measurements may help to remove any 
uncertainty regarding the material composition of the backfill and allow for a more 
accurate estimation of the thermal behavior of the backfilled GHE. 
• Rather than a wax-sand composite backfill, the heat dissipation capacity of other 
stabilized backfill materials including (but not restricted to) concrete, grouts, etc. should 
be measured. These materials may not only demonstrate better thermal performance but 
may also prove to be more economically viable and easier to install in the field. 
• An economical analysis should also be conducted to determine the increase in initial cost 
associated with the backfill material and placement. However, the economic analysis 
should also consider the amount of energy which would be saved over the lifetime of the 
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building, due to the improved efficiency of the HVAC system. This will ultimately 
determine whether the backfill modifications are worthwhile. 
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